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ABSTRACT
The use of genetic markers for paternity identification was investigated in
hexaploid sweetpotato. Traditional sweetpotato breeding relies on the open pollination
of numerous parents and the visual selection of progeny. Previous empirical and
theoretical evidence shows this type of breeding system is extremely inefficient.
Typically, only a few of these maternal parents routinely produce superior progeny. A
similar scenario exists for the paternal parent. Identifying specific parental combinations
which produce superior progeny would improve breeding efficiency, hence the need to
identify paternity in superior progeny. A computer simulation study established the
minimum number of alleles and loci required for paternity analysis using DNA
molecular markers. PCR-based microsatellite data was used to calibrate the computer
system developed.
Computer simulation studies were conducted to explore the application of
genealogy reconstruction techniques on hexaploid individuals based on co-dominant
marker data. The progeny obtained on each female parent is categorically assigned to
each male with non zero exclusion probability based on its paternity likelihood.
Computer simulations show it is possible to discriminate between putative parents with
few mis-assignments. The number of loci scored for a 10 parent population should not
be less than 20 in the case of 3 alleles per locus and no more than 10 loci for a five
allele model. An increment in the number of alleles or loci increases the discriminatory
power, with the number of alleles yielding a more important effect than the number of
loci.
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It is shown for first time that polymorphic microsatellites in the hexaploid
sweetpotato are able to disclose the polysomic inheritance pattern. The results obtained
stress the necessity of screening sweetpotato sequence libraries for longer repeat
sequences. It has been also demonstrated with an experimental population the
feasibility of the paternity analysis in polyploids. The most likely parent method proved
to be reliable and more powerful than simple exclusion for paternity allocation in
breeding populations. Two microsatellite loci with 4 and 3 alleles respectively, allowed
the paternity determination of 7 out of 8 offspring in a broad genetic base population
and 3 out of 14 in a narrow genetic base population.
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INTRODUCTION
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Sweetpotato Genetics and Breeding
Sweetpotato (Ipomoea batatas (LT Lam.) classification, origin, and genetics
The genus Ipomoea consists of over 500 species found in tropical and warm
temperate regions. This large genus is usually sub-divided into sub-genera and sections
(Nishiyama 1982). The section Batatas consists of only 13 species and is the only
agriculturally relevant group within this genus. Section Batatas species are both
annuals and perennials, autogamous, and outcrossing with ploidy levels from 2x to 6x
and a basic chromosome number of x = 15(Austin 1978). According to Austin (1978)
“... All species have white or purplish to lavender funnelform flowers, chartaceous to
subcoriaceous sepals, and ellipsoid to rotund glabrous or sparsely pubescent seed...”.
The cultivated sweetpotato Ipomoea batatas (L.) Lam., an asexually propagated
hexaploid (2n=6x=90), is the most important member of this family and section. The
cytogenetical characteristics, the morphological plasticity, and the existence of
polyploid complexes in some section Batatas species, i.e., I. trifida and I. batatas, have
led to confusing reports about the sweetpotato origin and genetics (Austin 1987,
Shiotani 1987, Ozias-Akins and Jarret 1994). It is thought that populations of some
Ipomoea species are comprised of mixtures of diploid, tetraploid and hexaploid
individuals, e.g., 2x, 4x, and 6x I. trifida and 4x I. batatas, with mechanisms for
unreduced gamete formation and crossability between different ploidy levels explaining
the generation of the polyploids (Oracion and Shiotani. 1992, Ozias-Akins and Jarret
1994). Sweetpotato has a DNA content of 4.8 to 5.3 pg/2C (Ozias-Akins and Jarret
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1994). The same authors have determined a DNA content of 3.0 to 3.5 pg/2C nucleus
for feral tetraploid I. batatas.
A number of hypotheses have been extended with supportive data elucidating
the origin of sweetpotato through cytogenetics. Magoon et al. (1970) proposed that
sweetpotato consists of three genomes of closely related taxa disproving earlier
theories on an allohexaploid origin (Gustafsson and Gadd 1965), and further ruled out
a possible autopolyploid origin from a single diploid ancestor. Magoon et al. (1970)
recognized a high frequency of tetravalent and bivalent pairing during meiosis and the
presence of penta and hexavalent configurations.
Nishiyama et al. (1975) proposed Ipomoea leucantha (2x), I. littoralis (4x) and
I. trifida as primary, secondary and immediate progenitors of the sweetpotato, based
on studies about the genome constitution, cross-compatibility, and major plant
characters. Also, they divided the species belonging to the section Batatas into three
groups, the self-compatible A-group and the self-incompatible X and B-groups, based
on the mode of sexual reproduction and chromosome number. The proposed ancestors
of sweetpotato were placed in the B-group. These authors observed a greater genetic
variability in the hexaploids than in diploids or tetraploids attributable to a gene dosage
effect, suggesting that heterozygosity is promoted by the self-incompatibility of the
hexaploids. Further evidence suggests that I. leucantha and I. littoralis may at least be
products of the hybridization between I. batatas and unknown species (Austin 1987).
Austin (1987) also proposed that Ipomoea triloba (A-group) and I. trifida are the
closest allied species with sweetpotato based on morphological studies.
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In a cytogenetical study, Shiotani (1987) proposed the autohexaploid genomic
structure for sweetpotato with the B genome that also exists in the Ipomoea trifida
complex. This report disagrees with the hypothesis presented by some authors cited
earlier about the degree o f genomic homology. Furthermore, there have been reports of
successful resynthesis of hexaploid sweetpotato from diploids of thickening root types
and some hexaploids from diploid and tetraploid wild relatives of sweetpotato using
chromosome doubling with colchicine (Oracion and Shiotani 1992). Oracion and
Shiotani (1992) proposed the use of unreduced gametes in an analytical breeding
scheme with diploids, based on a model developed for autotetraploid potato. The first
step of this scheme was successfully implemented, i.e., the cross of the hexaploid
sweetpotato with diploid wild relatives of the I. trifida group to generate tetraploid
breeding lines.
A phylogenetic study of the section Batatas using restriction fragment length
polymorphisms (RFLPs) also supports the hypothesis that Ipomoea trifida and the wild
Mexican tetraploids are putative ancestors of the cultivated sweetpotato (Jarret et al.
1992). This study places a recently described species, I. tabascana, from the B genome
group, as a very close relative of the sweetpotato. In conclusion, most of the available
evidence suggests members of the I. trifida complex are the ancestors of sweetpotato,
and sweetpotato has an autohexaploid genomic structure.
Quantitative genetics considerations
Understanding the way in which traits are inherited in sweetpotato is
complicated by its heterozygosity and polyploid nature. In sweetpotato, most character
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segregations can be explained on the basis of multiple factor models. For instance, the
orange flesh color character, i.e., total carotenoid pigments, is controlled by several
genes, possibly six, which are additive in effect (Hernandez et al. 1965).
Despite the polyploid nature o f this crop, the genetic models primarily used are
disomic and the quantitative genetic theory applied was formulated for use in diploids
(Jones et al. 1969, Jones 1969, Jones et al. 1976, Jones 1986, Collins et al. 1987, Kim
et al. 1996). The underlying assumption in these studies were that chromosome pairing
in this species was mainly bivalent, and some unpublished qualitative genetic studies
indicate that most character segregations fit disomic models (Jones et al. 1969, Jones
1969). Also, the genetic nature of the sweetpotato, e.g., allopolyploid with disomic
inheritance or autopolyploid with polysomic segregation, prevents breeders from
making clear decisions when selecting models.
More recent genetic studies have used polysomic models to account for the
sweetpotato hexaploidy, i.e., Thompson et al. (1994). Direct comparisons between
different heritability estimates for the same trait are not possible, because these
estimates only refer to the population and environments tested. However, it is
interesting to point out the heritability estimates for some common traits, like root
number, are much lower when obtained using polysomic models rather than disomic
ones (Jones 1986, Thompson et al. 1994). This phenomenon is predictable since the
additive genotypic variance component is inflated when disomic models are applied to a
polyploid. This bias may be unimportant in sweetpotato since it is vegetatively
propagated, i.e, all the genetic variance is fixed after the cross.
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U.S. sweetpotato breeding programs
The goals in the U.S. sweetpotato breeding programs have much in common
with other vegetable crops, i.e., high yield combined with outstanding culinary quality.
Other important characters mainly comprise field resistance to biotic and abiotic
stresses, long storage life and resistance to storage diseases, good plant bed
production, and excellent root shape, color, appearance, and sweetness (Jones et al.
1986). For instance, lines selected are routinely assayed for these diseases:
Streptomyces soft rot (Streptomyces ipomoea Martin & Person, Waks & Henrici)
bacterial soft rot (Erwinia chrysantemy Burkholder, McFadden, & Dimock), Fusarium
root rot (Fusarium solani (Sacc.) Mart, emend. Synyd. & Hans.), Fusarium wilt
(Fusarium oxysporum f.sp. batatas (Wollenw.) Snyd. & Hans.), Java black rot
(Diplodia gossypina Cooke), and internal cork, etc. (St. Amand and La Bonte 1991).
Until the pioneering works of Julian C. Miller on sweetpotato flowering
induction (Miller 1937, 1939), most breeding in the United States was restricted to
detecting and propagating outstanding mutations. Since then, breeders have relied on
polycross and mass selection techniques as the most efficient means to obtain new
varieties (Jones 1965, Jones et al. 1976, Jones et al. 1986). Selection for good
flowering has proved the best solution to overcoming the difficulty in obtaining flower
and fruit set (Jones et al. 1986).
Polyploidy in sweetpotato has a profound effect on fertility. Sweetpotato
possesses a complex multi-allelic sporophytic self-incompatibility system as well as
cross-compatibility among different clones (Jones et al. 1986, Martin 1982). There is
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also a variable degree of sterility expressed at various stages in the fertilization process,
probably due to the genetic imbalance caused by polyploidy (Martin 1982). For these
reasons, hand pollinations are not practiced in high-labor-cost markets, e.g., the U.S.
Therefore, natural pollinations by insects are preferred. This, however, reduces the
efficiency of a breeding program by curtailing the predicted selection response of mass
selection by 50% (Eberhart 1970, Nyquist 1991).
In open pollinated sweetpotato nurseries the current practice is to select and
cross upwards of 13-15 breeding lines based on their good horticultural characteristics,
i.e., disease and insect resistance, yield, and quality. Efficiency and cost reduction in the
selection process demand high selection pressures in early stages. Seedling root flesh
color and susceptibility to Fusarium wilt or root-knot nematode eliminates 85 - 90% of
the seedlings (Jones et al. 1986). Remaining selections are evaluated visually at harvest
for root yield, shape, external appearance, flesh color, presence of cracking and veins,
insects and disease resistance, etc. Less than 0.01% of the progeny is saved for a
replicated ten plant plot cycle of selection the next season. In the second growing
season, the clones are visually assessed, yield measured, disease resistance tested, and
culinary attributes tested. Evaluation of remaining clones in year three is similar to year
two, except the trials are conducted in more environments.
Breeding efficiency
In potato (Solarium tuberosum L.) breeding programs the selection efficiency at
the first stage has been thoroughly studied (Tai 1975, Caligari et al. 1986, Brown et al.
1987a, Brown et al. 1987b, Brown 1987). In spite of the obvious differences between
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these two species, both crops are vegetatively propagated, slips or vine cuttings for
sweetpotato and tuber seed for potato. Potato is also genetically complex, i.e., a
heterozygous autotetraploid; each cross, like in sweetpotato, results in an unpredictable
array of different genotypes. In both crops 99% or more of the clones are discarded
based on individual plant selection during the first year of field evaluation (Anderson
and Howard 1981, Jones et al. 1986). Since much of the selection in the early stages is
based on a subjective basis, it is very likely it can be greatly affected by personal biases.
Correlation analysis shows low efficiency of visual appraisal of the same potato clones
planted in different seasons or under different agronomic practices (Tai, 1975). Also,
Brown et al. (1987a) reported a very low repeatability between and within breeders of
visual preference scores for individual potato clones over generations. It has been
shown that selection in the first potato clonal year can result, at best, in a random
reduction in the number of genotypes; but, it should be noted that this is partially
attributed to differences in potato seed tuber size at this stage (Brown 1987, Brown et
al. 1987b). There are reports showing a similar type of inefficiency in the selection
process in a sweetpotato breeding program, e.g., number of edible roots or root veining
(Jones et al. 1986). These traits are important factors when visually selecting the first
year clones in the field. In brief, visual selection of individual clones based on single
plant judgment is a very inefficient process highly influenced by subjective biases. For
potato, however, the inefficiency is partially due to the planting tuber size.
On the other hand, visual evaluation is effective when used to identify the value
of different crosses, suggesting that visual appraisal can be limited to discriminate
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between crosses at an early stage in the breeding process (Tai 1975, Brown et al.
1987a). It allows a rapid evaluation of parents by visually scoring a sample of their
progeny, thus providing a very powerful criterion to select the parental clones. This is
one of the most important decisions, i.e., the parents, to be made in a breeding program
for it determines the direction of the whole program and has long lasting effects (Jones
et al. 1986). Furthermore, in a sweetpotato program the majority of the first cycle of
selections are traced back to just 2 or 3 of the 13-15 original maternal parents,
demonstrating general combining ability (unpublished data). It is further likely that
paternity is limited to just a few lines.
Genome Analysis with DNA Markers
General overview
The discipline of quantitative genetics has been heretofore explicitly in the realm
of theory until the advent of molecular markers. Complex quantitative traits can now,
in some cases, be broken down into simple linked trait matters, making feasible the use
of marker-aided selection for polygenic traits with low heritability or for characters that
require the use of elaborated screening techniques, like some disease or insect
resistance. These new techniques will improve the selection efficiency and the genetic
gain in a conventional breeding program (Bradshaw, 1992, Lande and Thompson,
1990). Also, DNA fingerprinting provides an invaluable tool for genotype
identification, genetic diversity determination, genetic introgression, evolutionary and
population studies, etc.
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The initial thrust in the 1960s to develop a molecular marker system for genome
analysis was based on transcription products, i.e., proteins. This technique is based on
the electrophoretic separation of allozymes which are isozymes produced by
orthologous genes. This type of analysis is relatively straightforward and was applied to
many organisms from bacteria to plants and animals (Weising et al. 1995). Limitation in
the number of loci and a naturally low level of polymorphisms restricted allozymes’
practical use (Helentjaris 1992, He et al. 1995), as well as the presence of genotype by
environment interactions. Botstein et al. (1980) proposed a new molecular marker
approach based on restriction fragment length polymorphisms (RFLPs) to construct
detailed linkage maps of the human genome. Briefly, RFLPs involve the digestion of a
particular DNA molecule with restriction enzymes. The resulting fragments are
separated by electrophoresis. Specific fragments are visualized by hybridization with a
labeled probe that results in a locus-specific codominant behavior. Codominance is the
consequence of different fragment sizes identifying different alleles, so a heterozygous
genotype (AA’) can be discerned from both homozygous states (AA, A’A’) (Weising
et al. 1995). Point mutations within the restriction enzyme recognition sequences as
well as insertions or deletions produce an altered fragment pattern (Weising et al.
1995). The major disadvantages of protein markers were overcome with RFLPs, but
the use of blotting membranes, radiolabeled probes, etc. introduced new concerns
about costs and complexity in lab procedures.
Saiki et al. (1985, 1988) developed the polymerase chain reaction (PCR)
methodology that allowed the design of new types of molecular markers that overcame
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the disadvantages of RFLPs. In brief, PCR is an in vitro enzymatic reaction that
synthesizes specific DNA stretches from a template using two 5-20 nucleotide-length
oligonucleotides that hybridize on the complementary strands flanking the target
region. The speed and simplicity of PCR based approaches using arbitrary primers
(Williams et al. 1990, Welsh and McClelland 1990, Caetano-Anolles et al. 1991) lead
to a widespread application of these technique for genetic studies (random amplified
polymorphic DNA (RAPD), arbitrarily primed polymerase chain reaction (AP-PCR),
and DNA amplification fingerprinting (DAF)). In each case, fingerprint-like patterns of
various complexities are produced when the product of the reactions are resolved by
electrophoresis and stained. The low cost of RAPD, coupled with its relative technical
simplicity, high level of polymorphism (Weeden et al. 1992), and low template DNA
requirements compared to RFLP, make RAPD the marker system of choice in many
applications. However, a RAPD fragment is usually present (allele A) or absent (allele
a); size differences between alleles rarely occur (Weising et al. 1995). Accordingly,
RAPD markers are mainly inherited as dominant markers (Aa), unlike RFLP or
allozymes; hence, they are less informative.
Another important type of PCR-based genetic marker is the microsatellites (Litt
and Luty, 1989) or variable number of tandem repeat loci (VNTRs). This marker
system is based on repetitive, highly polymorphic DNA interspersed in the genome.
First developed for use with RFLPs (Jeffreys et al. 1985), currently specific flanking
primers are used in the polymerase chain reaction. It also yields fingerprint-like patterns
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when several loci are combined, but in this case the amplified sequence is known,
unlike RAPDs.
Microsatellite markers present several advantages over RFLP or RAPD. In
contrast to RAPD, microsatellites are co-dominant and segregate in a Mendelian
fashion (Cregan et al. 1994); also, the uncertainty about the homology of similar sized
bands is eliminated, a weakness of RAPD. Some of the complexities and expenses
encountered with the RFLP technique, e.g.., blotting membranes, are also avoided.
Microsatellite loci usually have a greater number of alleles than RFLP loci (Rafalski and
Tingey 1993), are highly polymorphic, and somatically stable (Cregan et al. 1994).
Molecular markers: random amplified polymorphic DNA
This technique, which does not require any previous sequence information,
amplifies anonymous DNA sequences using arbitrarily chosen primers. RAPD
(Williams et al. 1990) and AP-PCR (arbitrarily primed-PCR) (Welsh and McClelland
1990) were developed simultaneously and have almost the same protocol. The only
differences between the two are a higher primer concentration in the reaction mix and a
longer primer in AP-PCR. There are also some minor differences in the thermocycling
conditions. The term RAPD has spread more widely than AP-PCR so I will use this
name throughout this dissertation.
Applied and theoretical applications of RAPDs are many: 1) to survey genetic
variation in natural populations (Brauner et al. 1992), 2) to study hybridization and
introgression in natural plant species (Crawford et al. 1993), 3) to analyze intra- and
interspecific genetic diversity in several crop species' populations (Dweikat et al. 1993,
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Kresovich et al. 1992, Skroch et al. 1992, Vierling. and Nguyen 1992), 4) to identify
molecular markers linked to specific genes for disease resistance in different crop
species and in some cases to map them (Miklas et al. 1993, Penner et al. 1993, Uphoff
and Wricke 1992; Martin et al. 1991, Michelmore et al. 1991), 5) to perform parental
analysis or to test the validity of controlled crosses (Roy et al. 1992, Welsh et al.
1991), 6) to identify cultivars (Roller et al. 1993), and 7) to construct genetic maps of
diploid and polyploid species (Al-Janabi et al. 1993, Grattapaglia et al. 1992, Tulsieram
et al. 1992).
Researchers have had problems in replicating the results obtained with RAPDs.
Weeden et al. (1992) noted that the key to RAPDs reliability is the quality of the
template DNA, i.e., it must be free of impurities; nevertheless, this is still less of a
problem than encountered in RFLP and isozymes when plant tissues contains secondary
metabolites (Roy et al. 1992). The flexibility of the technique is sufficient to allow
significant changes in the reaction cocktail or cycle conditions (Tingey et al. 1992,
Weeden et al. 1992). Other practices such as discarding faint bands, performing
duplicate analysis, and finding suitable primers through mass screening are
indispensable steps to achieve a high level of accuracy (Roller et al. 1993, Sobral and
Honeycutt, 1993, Weeden et al. 1992).
One decisive advantage RAPD has over RFLP is its higher efficiency in
screening for polymorphisms on a per primer versus probe basis or on a per time and
labor basis (Newbury and Ford-Lloyd 1993, Tingey and del Tufo 1993). This was
especially striking in the case of crop species with highly conserved genomes and/or
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very narrow intraspecific genetic variability, such as some cereal crops and tomato
(Dweikat et al. 1993, Foolad et ai. 1993).
For example, the tomato genome has been mapped with RFLPs, but
interspecific crosses were used to generate enough variability to allow its detection.
This approach has limited usefulness in conventional breeding programs that rely
basically on intraspecific crosses. Neither isozyme nor RFLP are able to disclose
enough genetic variation to distinguish cultivated varieties. On the other hand, the
RAPD technique has demonstrated its ability to detect polymorphisms among varieties,
proving the feasibility of constructing of an intraspecific tomato genetic map (Foolad et
al. 1993).
Devos and Gale (1992) could not detect sufficient variability by using RAPD to
build a wheat genetic map. He et al. (1992), coupling RAPD with denaturing gradient
gel electrophoresis (DGGE), demonstrated that this system adds enough resolution to
screen different DNA fragments contained within single bands resolved in agarose, and
even in polyacrylamide gels. The use of the RAPD-DGGE system allows for the
genetic distinction between very closely related lines, like wheat cultivars that share
over 94% of the genome (Dweikat et al. 1993).
The RAPD-DGGE system overcomes two RAPD drawbacks, which are: 1) the
appearance of bands identical in size but of different composition and 2) very small
differences in band size that can not be detected in agarose gels (Vierling and Nguyen
1992). In fact, this method would be useful for mapping polyploid genomes, especially
autopolyploids, to disclose the presence of multiple alleles. Also, it is hypothesized that
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the extremely low frequency of codominant markers found with RAPD (Williams et al.
1990, Tingey and del Tufo 1993) can be enhanced by this technique. Another way to
defeat the codominance problem is to digest the bands with a restriction enzyme and
then to analyze them in agarose gel (Grattapaglia et al. 1992).
Another point that should be stressed is that RAPD markers are dominant. This
is a major disadvantage for genetic mapping compared to codominant RFLP markers.
Since the development of the technique, it has been proven that RAPD markers are
inherited as dominant alleles, i.e., presence or absence of a band (Williams et al. 1990).
Even in species with polysomic inheritance, like potatoes, the polymorphisms disclosed
with RAPD segregate in the expected tetrasomic dominant fashion (Quiros et al. 1993).
The main disadvantage of this type of segregation for mapping purposes is that the
repulsion phase, which can be more easily found in an F2 population, yields little
information on recombination frequency; so, it is essential to work with markers linked
in coupling. In fact, genetic simulations have shown that the efficiency, on a per gamete
basis, is almost the same when mapping with codominant markers as with dominant
markers linked in the coupling phase (Tingey and del Tufo 1993). The coupling phase
is common in backcross populations, in recombinant inbred populations, or in haploid
or gametophytic tissues.
The application of RAPDs in sweetpotato appears promising given the number
of polymorphisms revealed per primer. Wheat revealed 0.38 polymorphisms/primer,
maize 1.0, soybean 0.5, and Arabidopsis thalicma 0.3, while sweetpotato revealed 3.7
polymorphisms/primer (Connolly et al. 1994). Jarret and Austin (1994) showed the
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much higher discriminatory power of RAPDs compared to morphological descriptors
for sweetpotato in intraspecific diversity studies. Also, they showed the close
agreement between phylogenetic studies based on RFLPs and morphological
descriptors and those performed with RAPDs.
Molecular markers: microsatellites markers
General theory. The genomic organization of eukaryotes shows that the DNA
coding sequences only constitute a minor part of the genome, i.e., 5-10% in the
mammalian genome (Ellegren 1993). The remaining apparently non-functional DNA is
by no means structured as a random association of nucleotides; rather the DNA is
organized in repetitive sequences (Fig. 1.1). This DNA type is composed of a wide
spectra of repetitive variants; among those are the tandem repeats, also called satellite
DNA. Satellite DNA shows preferential association with heterochromatin and is a
major constituent of chromosomal centromeric regions (Weising et al. 1995).
Microsatellites appear to be evenly dispersed through the human, mouse, and rice
genome with some local clustering . Other repetitive sequences are found in distinct
clusters. Fig. 1.1 depicts five of them, SINEs (short interspersed elements), LINES
(long interspersed elements), satellite DNA, minisatellites, and telomeres (Ellegren
1993, Weising et al. 1995).
Plant DNA microsatellites are short (2- 5bp) tandemly repeated sequences
which are also referred to as short tandem repeats (STRs) (Edwards et al. 1991) or
simple sequence repeats (SSRs) (Jacob et al. 1991). Variation in the number of
tandemly repeated core sequences of nucleotides (e.g., (CT)i0 vs. (CT)i2) between
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Fig. 1.1. Schematic eukaryotic genome organization (Ellegren 1993)
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genotypes provides the basis for polymorphisms (Fig. 1.2) that can be used in genetic
studies (Cregan 1992). Recent reports indicate that SSR loci are highly polymorphic
for the number of core repeat units between species and, more importantly, between
individuals within species and populations (Rongwen et al. 1995, Saghai Maroof et al.
1994), probably due to ‘slippage’ events during DNA replication (Morchen et al.
1996). Widely utilized in the construction o f the human genome linkage map, SSR
markers have been used in plant genome linkage mapping (Akkaya et al. 1995, Bell and
Ecker 1994; Yu et al. 1994) and in population structure studies in animals (Morin et al.
1994) and plants (Saghai Maroof et al. 1994).
Most SSR markers utilized to date are dinucleotide repeats. Condit and Hubbell
(1991) estimated that the frequency of occurrence of (AC)„ and (AG)„ repeats in the
genomes of 5 tropical tree species ranged from 5 x 103 to 3 x 10s. Liu et al. (1994)
reported occurrence frequency estimates of (CA)„ and (GA)„ in Paspalum vaginatam in
general agree with those of Condit and Hubbell (1991) who also observed that libraries
constructed from smaller inserts lead to higher estimates of SSR abundance. A database
search and quantitative hybridizations with dinucleotide repeat probes found the most
abundant motif in plants was AA/TT followed in descending order by AT/TA and
GA/CT. This fact contrasts with human DNA in which the most profuse motif, roughly
comprising 20% of the simple motifs, is GT/CA. On the other hand, AT/TA and
GA/CT motifs are more common in plant DNA than in human DNA (Lagercrantz et al.
1993). Wang et al. (1994b), using data obtained from the EMBL and GenBank
databases, found that tri- and tetranucleotide repeats were also relatively abundant in
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bp

A: (C TW (C T V s
B: (CT)„/(CT)n+3
C: (CTW CCTVt
TTCTTCACCCAAACCAGACAG----------- ►
AAGAAGTGGGTTTGGTCTGTCNCTCTCTCTCTCTCTCTCTNTCTTCCACTCCCCATCACTAAC
TTCTTCACCCAAACCAGACAGNGAGAGAGAGAGAGAGANAGAAGGTGAGGGGTAGTGATTG
<-------- 1—TCTTCCACTCCCCAT CACTAAC

4-------------------------- >
Microsatellite region
Fig. 1.2. Scheme of microsatellite scoring (Ellegren 1993)
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plant genomes. Data on allelic diversity for SSRs with core motifs of n>3 are lacking in
plants. However, as noted by Cregan (1992) and Wang et al. (1994a), strand slippage
('stuttering') during PCR amplification diminishes as repeat length increases, therefore it
is expected that tri- and tetranucleotide repeats will be used increasingly in plant
genetic studies. In addition, trinucleotide repeats in humans are unstable and their
amplification has been found to be associated with hereditary diseases (Kremmer et al.
1991). The relationship of the occurrence of SSRs and genetic instability in plants has
yet to be investigated.
Microsatellites in paternity analysis. Data relative to the use of SSR markers in
pedigree or paternity analysis in plants is lacking. However, SSRs are the markers of
choice in the human genome mapping project (Weber 1990), and they have been used
extensively to define the inheritance of human diseases (Litt and Luty 1989). SSRs
were determined to be the most suitable genetic markers for reconstruction of
pedigrees and studies of mating behavior in chimpanzees (Morin et al. 1994). SSRs are
certain to see immediate application in a wide array of genetic studies in plants
including paternity analysis, linkage mapping, varietal identification, seed purity testing,
and others (Rongwen et al. 1995).
SSR markers offer several advantages when compared to RFLPs or RAPDs for
the analysis of pedigrees or genetic diversity in plant germplasm collections. In contrast
to RAPDs, uncertainty about the homology of similarly-sized amplification products
are eliminated. SSRs segregate in a Mendelian fashion (Akkaya et al. 1992, Morgante
and Olivieri 1993, Morchen et al. 1996) and heterozygotes are easily identified, in
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contrast to RAPDs that segregate as dominant markers. The ability to clearly identify
heterozygotes results in a more robust data analysis. Analysis of SSRs eliminates the
need for large scale DNA isolation, DNA blots and the expense of nylon membrane that
are aspects of RFLP analysis. SSR loci frequently have a greater number of alleles than
RFLP loci (Rafalski and Tingey 1993) and are highly polymorphic and somatically
stable (Morgante and Olivieri 1993, Rongwen et al. 1995) making them especially
suitable for analysis of closely related accessions. The identification and
characterization of highly polymorphic SSR loci is useful information for breeders,
geneticists, and germplasm curators.
Paternity allocation
General overview
In plants, the reconstruction of genealogies from genetic data has received
attention in studies of natural diploid populations (Ellstrand 1984, Adams et al. 1992,
Chakraborty et al. 1988, Meagher, 1986, Meagher et al. 1986). There are two
approaches used to obtain a categorical answer for establishing paternity. One
technique, paternity exclusion, is based on the nearly conclusive proof of non-paternity
based on parent-offspring marker genotype data incompatibility (Chakraborty et al.
1988). Basically, the paternity exclusion approach compares the progeny genotype with
the female parent genotype, subtracts the maternal contribution, and compares the
remaining paternal gametic contribution with all putative male parent genotypes. The
individuals who can not produce the paternal gametic contribution are excluded, and
the paternity is assigned to the remaining group. Ellstrand (1984) successfully used this
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approach for natural population studies. Chakraborty et al. (1988) clearly demonstrated
that the exclusionary criteria alone cannot solve the parentage assignment problem in
natural populations. Further, they theoretically showed that a high frequency of
ambiguous cases will remain even if the number of informative markers were extended
to enhance the average probability of exclusion to values close to one.
The second method, sometimes called the most likely parent method, calculates
the paternity likelihood based on segregation (Mendelian) probabilities. Parentage is
assigned to the putative parent with the maximum likelihood value; in the case of ties
no parent is selected. This approach allows paternity assignment to a higher number of
progeny (Devlin et al. 1988, Smouse et al. 1994); both authors also noted two
limitations. First, categorical assignments are not possible for all the progeny because
of ambiguous progeny genotypic profiles. Second, a statistical bias in favor of
homozygotes for a homozygous putative parent will always give a higher likelihood
score for a given genetic locus than a heterozygote. Since the paternity assignment is
categorical, the selected parent will always be the homozygous individual because of
the higher likelihood for the particular allele. However, the bias can be reduced by
increasing the number of genetic markers. This approach, developed and applied by
Meagher (1986) and Meagher and Thompson (1986), involves the consideration of the
log-likelihood scores over a restricted range because a mathematical indetermination
can appear if genetic exclusions are permitted, i.e. log o f a zero probability value. This
fact actually means that the most likely parent is chosen after applying simple exclusion.

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

23

Meagher and Thompson (1987) clearly stated the likelihood-based categorical
allocation is also robust under small fluctuations of allele frequencies.
Theoretical framework
Conforming to the theoretical considerations stated by Meagher (1986) and
Meagher and Thompson (1986) the computational framework for this method is as
follows:
Consider an ordered triplet of genotypes (g0,gf ,gm) for the individuals O, F,
and M. The main intent is to identify the male parent given a known female progenitor;
only two genealogical situations need to be considered:
(1) Relationship A : F is the female parent of O and M is unrelated.
(2) Relationship B: Both F and M are parents of O.
The triplets conditional probabilities given the true relationship R = A or B are
denoted as P(g0,gf ,gm\R). Therefore,
P(g0,gf .gmM = P(g01gf y P(gf ) • P(gu)

= M { g 0\gf , - y P(gf ) •P(gm)

P(g0,gf .gm\B) = p (go Igf ,gmy P(gf ) •p (gm) = M(ga\gf ,gmy p{gf )■P(gj
where P(gt) is the probability of the genotype g, in a random mating population and
M the Mendelian probabilities. Let xf and xm denote the female and male gametes,
respectively and P(xf \gf ) , P(*m\gm) the gamete segregations from parental
genotypes. Therefore,
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M<&0\gf - ) = Y*P(8o\Xf)-Pi*f\gf>P{Xm)
*/
xt x-

The joint genotype probability given the relationship R is the likelihood o f R
given the set of genotypes. To compare the likelihoods of different relationships the
difference in the log-likelihoods is considered (LOD scores). In a breeding nursery the
hypothesized relationship is B since A is known, so it can be used as the base-point
alternative. Given the offspring genotypic information, loci are independent
(conditionally on the parental genotypes); so, the LOD scores and their means and
variances are additive over independently inherited loci. Thus, the LOD score for the
parent pair is:
Tf Dl
L{B\g0,gf
,gm)\ = V2 'jI ° ^ e -

— -

L M(go\gf - ) .
As previously noted, the distribution of these LOD scores can not be considered
over their entire range. If a genetic exclusion exists ( M(ga\gf ,gm) = 0), then
L(B) = -oo. Since only genetically possible parents should be compared via the
likelihood ratio, the probability of each triplet must be conditioned on non-exclusion of
the relationship B. The non-exclusion probability is, like the likelihoods, multiplicative
over loci; thus, the conditioning on non-exclusion can be done for each locus separately
(Thompson and Meagher 1987). Thompson and Meagher also clearly stated that the
statistic employed:
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[i]

is sufficient for comparisons of the alternative hypotheses B and A. However, there is
no single statistic which summarizes all the genealogical information provided by the
data. This means that although the comparison of alternative genealogical hypotheses
among a set of individuals is a sound statistical procedure, it is not true that a true
parent-offspring relationship yields the highest value of [1]. In other words, the
comparison of alternate individuals for a given genealogical relationship is not
statistically consistent, i.e., full sibs can give a higher value (Thompson and Meagher
1987). This paradox is not important in the present study since the triplets are ordered,
i.e., offspring, female parent, and putative male; thus, A(5) offers discriminating
power for the hypothesis of interest since full sib trios are excluded from consideration.
Conclusion
The empirical and theoretical evidence presented support the following
hypotheses:
1)

The current uncontrolled pollinations in sweetpotato nurseries coupled with

the high selection pressures during the first clonal year lead to inefficiencies in the
breeding process that can be overcome by either a costly controlled pollination or male
parent identification. This last option will enable breeders in high-labor-cost countries
to perform combining ability analysis and/or parental clone selection by progeny testing
to improve the breeding efficiency.
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2) The random amplified polymorphic DNA is a powerful and ubiquitous tool
for sweetpotato genome analysis. Reaction conditions, however, need to be optimized
for existing protocols.
3) Plant microsatellite informativeness and reliability are the DNA markers of
choice to be used in conjunction with parental allocation techniques for the
development of a paternity analysis system for complex polyploids like sweetpotato.
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OPTIMIZATION OF RAPD TECHNIQUE USING TAQ POLYMERASE AND
STOFFEL FRAGMENT IN HEXAPLOID SWEETPOTATO
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Introduction
The RAPD technique is now an indispensable tool for genome mapping,
genome fingerprinting, and phylogenetic analysis. Because of its low cost, coupled with
its relative technical simplicity, high level of polymorphism (Weeden et al. 1992), and
low template DNA requirements, RAPD has quickly supplanted RFLP or isozymebased techniques in many applications. However, RAPD markers are mainly inherited
as dominant markers unlike codominant RFLP or isozyme markers (Weising et al.
1995). Another inherent constraint to RAPD-based research is the lower confidence
one has regarding marker band reproducibility (Weeden et al. 1992, Pammi et al.
1994).
These constraints are exacerbated when RAPD is applied to genetic analysis in
complex polyploids, like sweetpotato and sugarcane using diploid segregation patterns,
i.e., identifying bands that are present in only one of the two parents and concomitantly
scoring only those markers that segregate in a 1:1 fashion in the progeny. This situation
is only encountered, e.g., in hexaploid sweetpotato, when one parent possesses 1
dominant allele and 5 doses of the recessive allele while the other parent is homozygous
recessive. This rare event in an out-crossed species necessitates minimizing band
reproducibility errors and optimizing the number of polymorphic fragments for
constructing a saturated linkage map.
RAPD protocols for all species in general have underlying similarities, but differ
when one attempts to optimize efficiency given the number of variables that can be
altered in the PCR reaction. Most studies to date lack statistical analysis of data to
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support conclusions regarding the importance of variables in optimizing the PCR
reaction (Klein-Lankhorst et al. 1991, Miklas and Kelly 1992, Tingey et al. 1992,
Sobral and Honeycutt 1993, Pammi et al. 1994). Only Wolfif et al. (1993) statistically
supported evidence that Mg~ concentration and annealing temperature should be
optimized for each species and primer concentration. On the other hand, performance
of the DNA polymerase enzymes, recombinant Taq and Stoffel fragment, were
examined in sugarcane (Sobral and Honeycutt 1993) and common bean (Miklas and
Kelly 1992). Both studies suggest, without statistical evidence, that the Stoffel
fragment discloses a greater number of loci and polymorphisms per primer than the
recombinant Taq. Moreover, Sobral and Honeycutt (1993) inferred that Taq
polymerase produces more irreproducible banding patterns than the Stoffel fragment.
Klein-Lankhorst et al. (1991) and Sobral and Honeycutt (1993) also report that a
temperature ramp between the annealing and the extension stages in PCR increases the
yield of reproducible, robust bands with both enzymes. In brief, these descriptive
studies indicate that the Stoffel fragment coupled with the temperature ramp
outperforms recombinant Taq polymerase in the number of polymorphisms obtained
per primer and increases reproducibility in three unrelated species, i.e., sugarcane,
common bean, and tomato.
Jarret and Austin (1994), using RAPDs for sweetpotato phylogenetic studies,
did not optimize the PCR conditions testing the variables mentioned above. Also, P.
Thompson (personal communication) is working on a sweetpotato genetic map based
on RAPDs; the results he showed regarding band number and polymorphism number
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obtained per primer are below the values obtained with other highly heterozygous
polyploids like sugarcane (Sobral and Honeycutt 1993).
The former results led us to consider the use of the Stoffel fragment and a
temperature ramp between the annealing and the extension stages as alternatives to
optimize the RAPD technique in sweetpotato. Some preliminary trials following the
methodology proposed by Sobral and Honeycutt (1993) gave unsatisfactory results.
Therefore, we studied the effects of enzyme types and temperature ramp on RAPD
reproducibility and informativeness substantiated with statistical methodology. The
factors investigated were recombinant Taq polymerase and Stoffel fragment, and a
temperature ramp between the annealing and extension stages vs. no ramp in two
randomly selected cross-compatible sweetpotato cultivars.
Materials and Methods
DNA extraction
DNA of the sweetpotato cultivars ‘Beauregard’ and ‘Excel’ was extracted from
mature leaves of nursery plants following a modified CTAB protocol (Jarret and Austin
1994). Total DNA was obtained from 2 g of fresh leaf tissue from one plant of each
cultivar. The leaf tissue was ground to a fine powder in liquid nitrogen and mixed with
10 ml of isolation buffer (50 mM Tris/HCl pH 8.0, 25 mM EDTA pH 8.0, 0.35 mM
sorbitol, 5% (PVP-40) polyvinylpyrolidone (Amresco), 1% sodium bisulfite, and 0.2%
of 2-mercaptoethanoI) and centrifuged at 2000 rpm to isolate the crude nuclei. The
pellet was resuspended in 10 ml of extraction buffer (100 mM Tris/HCl pH 8.0, 20 mM
EDTA pH 8.0, 1.4 M NaCl, 2% hexadecyltrimethylammonium bromide (CTAB,
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Amresco), and 1% of 2-mercaptoethanol) and incubated at 60°C for 45 min.
Chloroform:isoamyl alcohol (24:1, v/v) was added, and after 5 minutes of gently
mixing, the phases were separated by centrifugation at 5000 xg for 10 min. The DNA
was precipitated from the aqueous phase with isopropanol at -20°C and removed;
thereafter, the DNA samples were dissolved in 10 mM Tris pH 8.0 and 1 mM EDTA
pH 8.0 and quantified using a UV-VIS spectrophotometer (Perkin-Elmer).
PCR conditions
The PCR reactions were performed in 25 pi volumes of 2.5 pi Buffer II (Perkin
Elmer Cetus), 100 pM of each dNTP, 2 mM ofM gCh, 1.3 U of recombinant Taq
(Perkin Elmer Cetus), 20 ng of template DNA, and 0.2 pM of primer. In the case of the
Stoffel fragment (Perkin Elmer Cetus), the only changes were Stoffel Buffer (Perkin
Elmer Cetus) instead of Buffer II, 4 mM of MgClj, and 3.5 U of enzyme.
The temperature conditions were as follows: 1 min at 95°C, 10 cycles of 1 min
at 94°C, 1 min at 37°C and 1 min at 72°C, and 30 cycles in which the denaturation
conditions were 1 min at 90°C and the rest remained unchanged. Under these
conditions a 50 second ramp (1°C /l.43 s.) was produced by the thermal cycler (Perkin
Elmer Cetus DNA thermal cycler 480) operation between the 37°C and the 72°C. The
alternative was a temperature ramp of l°C/3.4 s (2 minutes ramp) between the 37°C
and the 72°C stages. The amplified DNA fragments were resolved by electrophoresis in
a 1.2% agarose gel with TAE buffer. The gels were stained with ethidium bromide and
photographed under UV illumination for data acquisition.
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Statistical analysis
The combination of the two cultivars, two enzymes, and two temperature
treatments defined a factorial experiment that was run using 12 primers, six from group
A and 6 from group F (Operon Technologies, Alameda, CA). The primers were
included in the statistical model as blocks since Wolff et al. (1993) clearly demonstrated
the specificity of their response. Three independent runs per treatment with each primer
and genotype were performed. Resulting gel photographs were scored for 1) number of
bands per cultivar, 2) number of polymorphisms, and 3) band reproducibility. A rank
transformation was applied to the first two variables, i.e., the total number of bands and
the number of polymorphisms, since they did not meet the usual ANOVA assumptions.
Afterwards, a rank-based ANOVA was performed using PROC GLM (SAS 1987).
Band reproducibility was based on the three independent runs for each primer
and treatment. A successful count was recorded any time a given band was present
three times. Any time a given band was present only one or two times it was counted as
a failure. The resulting binary variable was analyzed by taking the logarithm of the
success over failure probabilities (odds) to linearize the model (logistic analysis) using
PROC CATMOD (SAS 1987).
Results
Band and polymorphism number
There were no significant effects (P>0.05) for cultivars, cultivars x enzyme,
cultivars x temperature, and cultivar x enzyme x temperature for both variables, i.e.,
the rank of the total number of bands and the rank of the total number of
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polymorphisms (data not shown). Therefore, we collapsed the band ranks over the two
cultivars; a summary of these results is presented in Tables 2.1-2.2.
There were significant (P<0.05) differences between enzyme treatments and
temperature treatments for the total number of band ranks; the temperature x enzyme
interaction was not significant. The mean of the total number of band ranks for
recombinant Taq was significantly higher (P<0.05) than for the Stoffel fragment (Fig.
2.1). Also, the mean of the total number of band ranks for the ‘ramp’ treatment was
significantly higher (P<0.05) than that for the ‘no ramp’ treatment (Fig. 2.1). Neither
ramp nor enzyme treatments had any effects on the number of polymorphism ranks
observed.
Reproducibility
The logit analysis for reproducibility showed a good model fitting at a=0.05
(Table 2.3). The cultivar effect, the cultivar x enzyme interaction, the cultivar x
temperature interaction, and the cultivar x enzyme x temperature interaction were not
significant (P>0.05). However, the temperature x enzyme interaction effect was
significant (P<0.05).
This interaction was further analyzed by contrasts performed within the
temperature and enzyme effects. A significant (P<0.05) difference for the
reproducibility odds between the Stoffel fragment and the recombinant Taq within the
‘no ramp’ treatment was apparent, but there was no statistical difference between both
enzymes within the ‘ramp’ treatment (Fig. 2.2). Also, there was a significant difference
(P<0.05) between the no ramp and the ramp treatment for the Stoffel fragment. Finally,
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Table 2.1. ANOVA table of rank-based ANOVA analysis for the total number of bands
collapsed over the two cultivars.
Source

d.f.

Mean square

Prob

Primer

11

2360.5795

0.0001

Enzyme

1

10250.6667

0.0001

Temperature

1

1971.0938

0.0319

Enzyme*Temperature

1

372.0938

0.3456

81

413.4478

Error
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Table 2.2. ANOVA table of rank-based ANOVA analysis for the number of
polymorphic bands collapsed over the two cultivars.
Source

d.f.

Mean square

Primer

11

338.4091

0.0218

Enzyme

1

533.3333

0.0567

Temperature

1

90.7500

0.4211

Enzyme*Temperature

1

4.0833

0.8638

81

136.7070

Error

Prob
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Fig.2.1. The mean number of bands/primer averaged over 12 primers and two cultivars.
Note: The ranks based ANOVA showed there are significant differences (P<0.05)
between the two levels 'enzyme' factor, i.e., Stoffel and Taq, and between the two
levels 'temperature' factor, i.e., ramp and no ramp. The interaction between factors is
not significant.
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Table 2.3. Logistic regression analysis and contrasts on band reproducibility.

Source

d.f.

Chi-square

Prob

Intercept

1

155.59

0.0000

Primer

11

22.40

0.0215

Enzyme

I

8.87

0.0029

Temperature

1

17.73

0.0000

Cultivar

1

0.92

0.3362

Enzyme*Cultivar

1

0.61

0.4348

Temperature* Cultivar

1

0.18

0.6695

Enzyme*Temperature

1

19.07

0.0000

Enz*Temp*Cult

1

0.11

0.7420

Goodness of fit

71

89.87

0.0647

d.f.

Chi-square

Contrast

Prob

Stoffel-NRa vs. Taq-NRb

1

22.47

0.0000

Stofifel-RAc vs. Taq-RAd

1

1.23

0.2664

Stoflfel-NR vs. Stofifel-RA

1

28.77

0.0000

Taq-NR vs. Taq-RA

1

0.02

0.8937

1 Stoffel fragment without ramp treatment
b Recombinant Taq without ramp treatment
c Stoffel fragment with ramp treatment
d Recombinant Taq with ramp treatment

R ep ro d u ced with p erm ission o f th e copyright ow ner. Further reproduction prohibited w ithout perm ission.

38

Stoffel

c/)
■o
T3
O
I '
S
o
■o
oi—
Q.
0
a:

3
4

3
2

0

Ramp

No Ramp

Fig. 2.2. Reproducibility odds averaged over the 12 primers and two cultivars. Note: A
significant difference (P<0.05) existed when 'no ramp' is contrasted with 'Stoffel
fragment' vs. 'recombinant Taq'. No significant difference (P > 0.05) is found between
'Stoffel fragment' and 'recombinant Taq' within 'ramp'. Significant difference (P<0.05)
is found when 'Stoffel fragment' is contrasted with 'ramp' vs. 'no ramp'.
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reproducibility was not affected by ramp temperature treatments for recombinant Taq
(Fig. 2.2).
Discussion
Recombinant Taq does produce significantly more total bands than comparable
runs with the Stoffel fragment (Table 2.1, Fig. 2.1). However, we found no increase in
the number of polymorphisms over Stoffel fragment. The mean number of bands per
primer and polymorphisms per primer obtained with Taq DNA polymerase (Pharmacia)
in tetraploid alfalfa was 6 bands and 3 polymorphisms respectively (Yu and Pauls
1993). In tomato, Williams and St. Clair (1993) obtained an average of 8 bands/primer
and 3.3 polymorphisms/primer working with Taq polymerase (Perkin Elmer Cetus).
Chandrashekhar and Nguyen (1993), in wild and cultivated tetraploid wheat, found an
average of 2.9 bands/primer using Taq polymerase (PE Xpress). Sobral and Honeycutt
(1993) reported an average of 11.4 bands/primer and 2.0 polymorphisms/primer using
recombinant Taq (Perkin Elmer Cetus). Our experiments yielded an average of 11.2
bands/primer and 2.8 polymorphisms/primer working with recombinant Taq.
On the other hand, in our experiments the Stoffel fragment yielded an average
of 9.5 bands/primer and 1.8 polymorphisms/primer. Miklas and Kelly (1992) working
with the same enzyme in common bean reported 5.6 bands/primer, while Sobral and
Honeycutt (1993) in sugarcane found a yield of 14.8 bands/primer and 3.6
polymorphisms/band.
Comparing our results with the previously cited, we conclude that our
protocols are close to the perceived optimum for sweetpotato. The only difference that
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should be stressed is between Sobral and Honeycutt’s (1993) results and ours regarding
Stoffel fragment. It should be said that these authors possibly biased the results by
selecting the best 14 primers among 144 they prescreened with Stoffel fragment. Also,
in their comparison between recombinant Taq and Stoffel fragment, only four primers
were used with both enzymes.
Another possible reason for the discrepancy may be related with the DNA
extraction techniques used. One of the present author’s experience with rice showed
that different DNA extraction techniques lead to different banding patterns (James
Oard, personal communication). Also, in maize, Smith and Chin (1992) reported that
different DNA extraction protocols lead to different repeatabilities. Regarding the PCR
conditions, Sobral and Honeycutt (1993) used an initial denaturing stage of 94°C for 3
minutes and 40 cycles of 94°C 1 minute, 35°C 1 minute and 72°C with a ramp between
the annealing and extension stages of 90 seconds. The runs were performed in a System
9600 cycler (Perkin Elmer Cetus); this machine is faster and more reliable than our
thermal cycler, which might be a possible explanation for the differences in the ramp
effect. One important difference between the protocols was that they used 2 U of
Stoffel fragment and 30 ng of DNA template while we used 3.5 U of enzyme and 20 ng
of DNA.
DNA amplified with recombinant Taq produced gels that were easier to score
due to the broader range in band size that resulted in a better band separation. The
average band size interval was between 3020 bp and 518 bp for recombinant Taq and
1555 bp and 331 bp for Stoffel fragment. Sobral and Honeycutt (1993) reported ranges
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from 2500 bp to 500 bp for recombinant Taq and from 1500 bp to 100 bp for the
Stoffel fragment. Since we used agarose gels stained with ethidium bromide, bands of
less than 200 bp were very difficult to score. This was also recognized by the above
authors, who pointed out that Stoffel fragment bands were better suited for
polyacrylamide gels using autoradiography or silver staining. Indeed, Pammi et al.
(1994) determined that the best resolution with the Stoffel fragment in sorghum was
obtained using polyacrylamide sequencing gels and autoradiography. They preferred
using the Stoffel fragment because it yielded more reproducible amplifications of lower
molecular weight DNA segments.
The temperature ramp treatment did not have any significant effect on the band
reproducibility using recombinant Taq. Moreover, the ramp treatment significantly
reduced band reproducibility when used with the Stoffel fragment, contrary to previous
findings (Klein-Lankhorst et al. 1991, Sobral and Honeycutt 1993). On the other hand,
the ramp treatment increased the total number of bands obtained; however, this fact
does not show a concomitant effect in the number of polymorphisms.
Our results contrast with findings by Miklas and Kelly (1992) and Sobral and
Honeycutt (1993). These studies clearly indicated that the Stoffel fragment increased
the total number of bands and consequently the number of polymorphisms. Sobral and
Honeycutt (1993) additionally reported a 30% increase in the number of bands/primer
and an 80% increase in the number of polymorphisms/primer with the Stoffel fragment
over Taq. Also, our results show along with Klein-Lankhorst et al. (1991) the ramp
treatment produced more reproducible, robust bands with both enzymes. Our study
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differs from theirs in that we do not find any major difference between the Stoffel
fragment and Taq regarding the number of polymorphisms obtained. Taq performs
equally well whether we use a temperature ramp or not. In fact, the temperature ramp
decreases band reproducibility with the Stoffel fragment.
Our study extends the results obtained by Wolff et al. (1993) concerning
annealing temperature and Mg~ concentration by objectively showing that other
conditions, i.e., temperature treatment and enzyme characteristics, cannot be
generalized to other species or circumstances. Moreover, our results indicate that
neither special ramps nor different enzyme types from recombinant Taq are required to
detect increased number of polymorphisms over different templates and primers in the
case of hexaploid sweetpotato. Also, the basic RAPD technology has enough
resolution power and reliability to be used for mapping a complex heterozygous
polyploid like sweetpotato.
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Introduction
The sweetpotato is a natural hexaploid (2n=6x=90) (Ozias-Akins and Jarret
1994, Magoon et al. 1970) with a disputed ancestry; both, alio- and autopolyploid
origins have been proposed (Magoon et al. 1970, Nishiyama et al. 1975, Shiotani
1987). This species has a complex self-incompatibility system and a high cross
incompatibility (Jones et al. 1986, Martin 1982) that make it difficult to obtain seeds
from controlled crosses. Thus, open pollination by insects and mass selection are
preferred in breeding programs. The breeding efficiency is low; for instance, in the
Louisiana Agricultural Experiment Station breeding program usually less than 0.1% of
the progeny from a 13-15 line crossing block are selected in the first year of evaluation.
The majority of the extant lines are traced to just 2 or 3 of the original maternal
parents. It is further likely that paternity is limited to just a few lines.
Parental selection based on good horticultural characteristics, i.e., disease and
insect resistance, yield and quality, and combining ability of the parental lines could
significantly enhance the efficiency of sweetpotato breeding programs. Few
sweetpotato breeding programs, e.g., the Japanese and Chinese programs (Yamakawa
1989), evaluate lines for combining ability by hand-crossing; in fact, most programs are
financially unable to do this. Male paternity determination in naturally pollinated
nurseries will enable breeders to test for combining ability of breeding lines and use this
information to favor recombination among lines with good combining ability.
In plants, genealogy reconstruction from genetic data is used in natural diploid
populations studies (Ellstrand 1984, Adams et al. 1992, Devlin et al. 1992, Meagher
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1986, Meagher and Thompson 1986 and 1987); in cultivated species it has been
intended for varietal protection (Wang et al. 1994a). Usually, the determination of each
individual's maternal parent is straightforward; mother-offspring pairs can be observed
directly while collecting the seeds, only the male parent assignment is unknown. Two
different approaches exist for assigning paternity. In one case, the intent is a categorical
answer to the paternity likelihood for each specific triplet of offspring, female parent
and putative male progenitor, i.e., human paternity analysis or paternity assignment in a
breeding population. In contrast, no categorical response is needed in natural
population studies where the objective is to discern the mating behavior (Devlin et al.
1988; Smouse and Meagher 1994).
Polyploids, like sweetpotato, complicate parental analysis by possessing
numerous copies of the same gene in a given genotype and complex meiotic behavior.
Three segregation types are recognized for polyploids showing multivalent pairing at
meiosis (Burnham 1962): chromosome segregation, random chromatid segregation,
and maximum equational segregation. The expected segregation ratios for genetic
characters or markers are markedly different for each of them.
The basic marker requirements for paternity determination are: i) the markers
should be unambiguously inherited, ii) segregate independently in the population, and
iii) lead to lower levels of ambiguity than the parentage uncertainty to be solved
(Smouse and Meagher 1994). Biochemical genetic markers have been successfully used
for paternity analysis in natural plant populations (Ellstrand 1984, Meagher 1986,
Meagher and Thompson 1986, Devlin et al. 1992), but they present some
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disadvantages, i.e., limited number of polymorphic markers and relatively low allele
number. Molecular genetic techniques, such as Restriction Fragment Length
Polymorphism (RFLP), Random Amplified Polymorphic DNA (RAPD) or more
recently Simple Sequence Repeat (SSR), provide an a priori source of numerous
polymorphic DNA markers for parentage analysis and genealogy reconstruction (Lewis
and Snow 1992, Milligan and McMurry 1993, Lynch 1988, Hughes and Queller 1993,
Pellissier Scott and Williams 1993). However, some difficulties are still present, with
RFLP, the cost and technical complexity, and in the case of RAPD its dominant
inheritance. In both cases the number of possible alleles for each locus is also limited,
particularly with RAPD.
SSR markers present several advantages over RFLP or RAPD. In contrast to
RAPD, SSRs are co-dominant and segregate in a Mendelian fashion (Cregan et al.
1994, Jarret and Bowen 1994); also, uncertainty about the homology of similar sized
bands is eliminated. Some of the complexities and expenses of RFLP techniques are
avoided. SSR loci usually have a greater number of alleles than RFLP loci (Rafalski and
Tingey 1993, Cregan et al. 1994, Rongwen et al. 1995), are highly polymorphic and
somatically stable (Cregan et al. 1994, Jarret and Bowen 1994, Saghai Maroof et al.
1994, Rongwen et al. 1995). Several reports indicate that the high degree of
polymorphism observed in SSR loci is present between individuals within a species
(Cregan et al. 1994, Jarret and Bowen 1994, Saghai Maroof et al. 1994, Rongwen et
al. 1995).
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In fact, SSR markers have been successfully applied on animal and plant diploid
populations to determine genealogy structure and kin relationships (Morin et al. 1994,
Saghai Maroof et al. 1994, Adato et al. 1995). They have been widely used in the
human genome linkage map, in plant genome linkage mapping (Cregan et al. 1994),
characterization o f plant genetic resources (Jarret and Bowen 1994), and in animal
linkage map projects (Crawford et al. 1994). There are no known data relative to the
use of SSR for parentage determination in plants; however, the advantages over other
DNA markers could make them especially suitable for paternity analysis in polyploids.
Indeed, preliminary results obtained using SSR on sweetpotato (data not shown) show
it is possible to resolve multiple alleles following a polysomic segregation pattern.
The objectives of this study were: i) to adapt the current genetical/statistical
techniques for parentage determination to be used with polyploids; ii) to develop a
computer algorithm for parentage analysis of hexaploids; and iii) to use computer
simulation studies to determine number of loci and number o f co-dominant alleles for
essentially unambiguous paternity assignment in hexaploids.
Methods
Paternity Analysis
There are two basic methodologies used to obtain a categorical answer for
establishing paternity; both were developed for human population studies and forensic
applications and are still not universally accepted in their entirety (Chakraborty et al.
1974, Thompson 1975, Valentin 1980, Thompson, 1986). One technique, paternity
exclusion, is based on the nearly conclusive proof of non-paternity, based on parent-
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offspring marker genotype data incompatibility (Chakraborty et al. 1988). Basically, the
simple exclusion approach compares the progeny genotype with the female parent
genotype, subtracts the maternal contribution, and compares the remaining paternal
gametic contribution with all putative male parent genotypes. The individuals who
cannot produce the paternal gametic contribution are excluded, and paternity is
assigned to the remaining group. Ellstrand (1984) successfully used this approach for
natural population studies. Chakraborty et al. (1988) demonstrated that the
exclusionary criteria alone cannot solve the parentage assignment problem in natural
populations. Further, they theoretically showed that a high frequency of ambiguous
cases will remain, even if the number of informative markers were extended to enhance
the average probability of exclusion to values close to one.
The second method, sometimes called the most likely parent method, calculates
the paternity likelihood based on segregation (Mendelian) probabilities. Parentage is
assigned to the putative parent with the maximum likelihood value; in the case of ties,
no parent is selected. This approach allows paternity assignment to a higher number of
progeny (Devlin et al. 1988, Smouse and Meagher 1994); these authors also pointed
out two limitations. First, categorical assignments are not possible for all the progeny
because of ambiguous progeny genotypic profiles. Second, a statistical bias in favor of
homozygotes for a homozygous putative parent will always give them a higher
likelihood score for a given genetic locus than a heterozygous individual. However, the
bias can be reduced by increasing the number of genetic markers.
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The most likely parent method, developed and applied by Meagher (1986) and
Meagher and Thompson (1986), involves the consideration of the Iog-likelihood scores
over a restricted range because a mathematical indetermination can appear if genetic
exclusions are permitted, i.e., log of a zero probability value. This fact actually means
that the most likely parent is chosen after applying simple exclusion. Meagher and
Thompson (1987) clearly stated the likelihood-based categorical allocation is also
robust under small fluctuations of allele frequencies.
For these reasons we chose the most likely parent method for the present
study. The computational framework can be deduced from the following considerations
developed by Meagher (1986) and Meagher and Thompson (1986):
Consider an ordered triplet of genotypes (g„,gf ,gm) for the individuals O, F,
and M. The main intent is to identify the male parent given a known female progenitor;
only two genealogical situations need to be considered:
(1) Relationship A : F is the female parent of O and M is unrelated.
(2) Relationship B: Both F and M are parents of O.
The triplets conditional probabilities given the true relationship R = A or B are
denoted as P(.ga,gf ,gm\R) ■Therefore,
V(g0,gf . g M ) = P(g0\gf )-P(gf )-P(gm)

= M(g0\gf , - ) - P( gf )-P(gm)

P(go . gf.gm I£) = P(jgo\gf*8m) ■p (g f ) ■P(gm) = M (go Igf,gm) ' P(gf ) ' P(&m)
where P(gt) is the probability of the genotype g, in a random mating population and
Mthe Mendelian probabilities. Let xf and xm denote the female and male gametes,
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respectively and P(xf \gf ) , / ,(* Jg m) the gamete segregations from parental
genotypes. Therefore,
M ( g . \ g , ~ ) = E P i g ^ , ) - P ^ r \gr ) P ( K )
X1

M{g0\gf,gm) ='ET*Pteo\Xr Xm>P(Xr\gf)'PiXm\gm)
xf x-

The joint genotype probability given the relationship R is the likelihood of R
given the set of genotypes. To compare the likelihoods of different relationships the
difference in the log-likelihoods is considered (LOD scores). In the present study the
hypothesized relationship is B since A is known, so it can be used as the base-point
alternative. Given the offspring genotypic information, loci are independent
(conditionally on the parental genotypes); so the LOD scores and their means and
variances are additive over independently inherited loci. Thus, the LOD score for the
parent pair is:
M<jg0\gf ,gm)

L(.B\g0,gf ,gm) =
ha

M{g0\gf ~)

As previously noted, the distribution of these LOD scores can not be considered
over their entire range. If a genetic exclusion exists ( M (ga\gf ,gm) = 0), then
L(B) = -oo. Since only genetically possible parents should be compared via the
likelihood ratio, the probability of each triplet must be conditioned on non-exclusion of
the relationship B. The non-exclusion probability is, like the likelihoods, multiplicative
over loci; thus, the conditioning on non-exclusion can be done for each locus separately
(Thompson and Meagher 1987).
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Thompson and Meagher (1987) clearly stated that the statistic employed
A(B) = log.

M{B)
PB{data)
= log.
PA(data)
M(A)

[ 1]

is sufficient for comparisons of the alternative hypotheses B and A. However, there is
no single statistic which summarizes all the genealogical information provided by the
data. This means that although the comparison of alternative genealogical hypothesis
among a set of individuals is a sound statistical procedure, it is not true that a true
parent-offspring relationship yields the highest value of [1]. In other words, the
comparison of alternate individuals for a given genealogical relationship is not
statistically consistent, i.e., full sibs can give a higher value (Thompson and Meagher
1987). This paradox is not important in the present study since the triplets are ordered,
i.e., offspring, female parent, and putative male parent; thus, A(B) offers
discriminating power for the hypothesis of interest since full sib trios are excluded from
consideration.
Theoretical Hexaploid Segregation Ratios
Of the three possible polysomic segregation types, chromosome segregation
and maximum equational segregation provide the most extreme segregation ratios
(Burnham 1962). The segregation ratios for the chromosome type are calculated
considering each chromatid derived from a different chromosome; therefore, the total
number of possible gametes for each independent locus is:

=

20
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The gamete frequency distribution follows the multivariate hypergeometric
distribution, thus each gamete theoretical probability can be calculated as follows:
r N \ 'O'

(Ry

e)

\ n j \ ° J PJ .4 )

-,m< M\n < N\o < 0 \ p < P\q< Q,r < /?;

M + N + 0 + P + 0 + R = 6-1
m+n+o + p + q + r = 3,
M , N , 0 , P , Q , R = 0,1,2,..... ,6;
m,n,o,p,q,r - 0,1,2,3;
where M,N,0,P,Q,R are the total number of three possible alleles of the genotype of
interest and m,n,o,p,q,r the number of copies of such alleles present in the gamete.
In cases of maximum equational segregation and random chromatid
segregation, gametes with alleles derived from sister chromatids can be expected for
some locus. That is, if a crossover takes place between the centromere and a specific
loci, multivalents are formed, and these sister chromatids go to the same pole during
the first division of meiosis. Gametes with both sister chromatids are then produced.
This phenomenon is called double reduction (Burnham 1962). The frequency of double
reduction is maximum when multivalents are always formed and there is always one
effective cross over between the locus and the centromere, i.e., maximum equational
segregation (Burnham 1962). Under these circumstances, the maximum expected
3
frequency of double reduced gametes for a hexaploid is — , while in the case of

random chromatid segregation this expected frequency is — • Since the second value is
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smaller than the first, the theoretical maximum is only achieved under the maximum
equational segregation. Notwithstanding, the ease of calculating random chromatid
segregation frequencies, the small difference between the two values, and the specific
conditions required for maximum equational segregation favored the use of the former
segregation type in the present study.
Segregation ratios for the random chromatid segregation are derived by
randomly sampling three chromatids from a set of twelve without replacement. As in
the first segregation type, the frequencies follow the multivariate hypergeometric
distribution; thus, the total number of possible gametes is
fl2\
=

220

and the respective gamete frequencies are calculated as before by replacing the
respective number of alleles with twice that value, i.e., the number of chromatids
bearing each allele.
Computer simulation
Two algorithms were developed to fulfill the objectives of this study. The first
is intended to perform the paternity analysis. The second algorithm was developed to
simulate a population of parents and offspring, allowing the study of real scenarios
which define the number of marker loci needed as a function of the number of alleles
per locus for essentially unambiguous parentage assignment. Since there is no
information regarding the allele frequency distributions of genetic markers in
polyploids, we used the uniform distribution as the simplest possible distribution
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scenario (Lewis and Snow 1992). Two other basic exigencies are: i) the simulation of
variable numbers of double reduced gametes, and ii) a randomization process leading to
the generation of genotypes and populations without sequential correlations. The two
previous algorithms were programmed in FORTRAN (Microsoft FORTRANX Power
Station 1993) to be run in a PC. Simulated populations of 10 parents and 2 offspring
per parental pair were used to determine the minimum loci number needed for
essentially unambiguous parentage assignment. Each simulated population was
independently generated 4 times under each condition resulting from a factorial
combination of the following alternatives:
(1) Chromosome segregation with 3 and 5 alleles per locus. In simulations with
3 alleles, 12, 15, 17, 19, and 21 loci alternatives were tested, while 3, 5, 7, and 9 loci
were assayed with 5 alleles.
(2) Random chromatid segregation in 2% of the loci selected at random for
each run. The same number of alleles and loci alternatives as before were considered.
(3) Equal allele frequency distribution. For the 3 allele condition each allele has
a frequency =1/3, and in the 5 allele condition each allele was present with frequency =
1/5.
(4) Uneven allele frequency distribution. In the case of 3 alleles/locus the
frequencies selected were: 0.45 for 2 alleles and 0.1 for one allele. In the 5 alleles
situation the frequencies were: 0.3 for 3 alleles and 0.05 for each of the remaining two.
Since there are no citations about double reduction frequencies in hexaploids,
the frequency chosen was close to the highest detected using biochemical markers in
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tetraploid potato (Haynes and Douches 1993); this value seems to be a safe assumption
because of the cultivated potato autopolyploid nature.
Populations of 15 and 20 parents with 2 offspring per parental pair were also
generated, but only 21 loci and 9 loci with 3 and 5 alleles respectively were considered.
The mean number of mis-assigned male parents/offspring and the mean number of non
excluded male parents/offspring and their respective standard errors over the 4
repetitions were calculated for each different alternative.
Results and Discussion
Variation in Allele Number
The 3 and 5 allele models were selected in our study as tenable given current
SSR marker technology (Jarret and Bowen 1994, Jarret et al. 1995). However, there
are reports of polymorphisms exceeding 10 alleles/locus in several cultivated species
(Shaghai Maroof et al. 1994; Rongwen et al. 1995). It is unlikely to find in a breeding
population a uniform number of alleles across loci. In fact, the simulation results
illustrate the possible discriminatory power that could be achieved with the most likely
parent method. Even with 3 alleles/locus, a low number for a hexaploid, and 21 loci, it
was possible to identify the male-female-oflfspring triplet with less than 0.003 misassigned male parent/offspring without double reduction (Fig. 3.1). The misassignments were less than 0.006 mis-assigned male parent/offspring, and the variability
of the estimated mean increased (S.E.M = 0.0016 vs 0.0014) when double reduction
was introduced (Fig. 3.1). The uneven allele frequency distribution combined with
random chromatid segregation and 21 loci produced the same result as random
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Fig. 3.1. Relationship between loci number genotyped with 3 allele and mis-assigned
male parent/offspring mean number (± S.E.M) over 4 replications, in a 10 parent and
90 offspring population. (Eq. Frq = even allele frequency distribution: 1/3, 1/3, 1/3; Un.
Frq. = skewed allele frequency distribution: 0.45, 0.45, 0.10; D. Red. = random
chromatid segregation type; Chrom = chromosome segregation type).
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chromatid segregation with even frequency distribution (Fig. 3.1). Moreover, the
skewed allele frequency distribution combined with the chromosome segregation
alternative produced no mis-assignments with 21 loci.
It is important to stress the greater discriminatory power of the most likely
parent compared with the simple exclusion, despite the bias pointed out by Chakraborty
et al. (1988) and Devlin et al. (1992) for the former methodology. Our results show
that with 21 loci there were consistently more non-excluded parents (Fig. 3.2) than
mis-assigned parents (Fig. 3.1), but concomitantly the dispersion of the estimates
tended to be narrower than with the most likely parent method. Briefly, in a 10 parent
population the number of loci needed to achieve a reasonable discriminatory power
must exceed 20, considering a relatively low allele number, skewed alleles frequencies,
and double reduction. The number of offspring in the population had no effect since the
most likely parent technique does not use the genotypic information jointly.
The simulations using 5 alleles per locus produced results similar to those
obtained with 3 alleles per locus (Figs. 3.3 and 3.4). The only difference was a
complete triplet reconstruction with the 5 allele model and 9 loci, i.e., the number of
mis-assigned parents = 0, if double reduced gametes were not produced (Fig. 3.3).
Another important consequence of the allele number increment was a consistent
reduction in the variance of the estimated means in all scenarios (Figs. 3.1, 3.2, 3.3 and
3.4). On the other hand, the simple exclusion method with 5 alleles did not allow the
reconstruction of all the triplets in any scenario (Fig. 3.4). Compared with the 3 allele
alternative, the reduction in the optimum loci number with 5 alleles was not
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Fig. 3.2. Relationship between loci number genotyped with 3 allele and non-excluded
male parent/offspring mean number (± S.E.M.) over 4 replications, in a 10 parent and
90 offspring population. (Eq. Frq = even allele frequency distribution: 1/3, 1/3, 1/3; Un.
Frq. = skewed allele frequency distribution: 0.45, 0.45, 0.10; D. Red. = random
chromatid segregation type; Chrom = chromosome segregation type).
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Fig. 3.3. Relationship between loci number genotyped with 5 allele and mis-assigned
male parent/offspring mean number (± S.E.M.) over 4 replications in a 10 parent and
90 offspring population. (Eq. Frq = even allele frequency distribution: 0.2, 0.2, 0.2, 0.2,
0.2; Un. Frq. = skewed allele frequency distribution: 0.3, 0.3, 0.3, 0.05, 0.05; D. Red. =
random chromatid segregation type; Chrom = chromosome segregation type).
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Fig. 3.4. Relationship between loci number genotyped with 5 allele and non-excluded
male parents/offspring mean number (± S.E.M) over 4 replications, in a 10 parent and
90 offspring population. (Eq. Freq. = even allele frequency distribution: 0.2, 0.2, 0.2,
0.2, 0.2; Un. Frq. = skewed allele frequency distribution: 0.3, 0.3, 0.3, 0.05, 0.05; D.
Red. = random chromatid segregation type; Chrom = chromosome segregation type).
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proportional to the allele number increment (9 vs. 21). As before, double reduced
gametes did not allow paternity assignment to the progeny without some error, e.g.,
0.0083 (S.E.M. = 0.0026) mis-assigned male parent per offspring, 9 loci-equal-andskewed-allele-frequencies-random-chromatid-segregation-type vs. 0.0 mis-assigned
male parent per offspring equal-and-skewed-allele-frequency-random-chromosomesegregation.
In summary, both allele number examples showed that it is possible to
determine a priori the minimum number of loci needed to discriminate among paternal
parents.
Variation in Parent Number
Fig. 3.5, mis-assigned male parent/offspring, and Fig. 3.6, non-excluded male
parent/offspring, show the results of the increment in the parental population size for
the 3 allele and 21 loci alternatives. The trends were similar for a reduction in the loci
number, an increment in the variability of the estimates, and in the number of misassignments. The skewed allele frequency and the presence of double reduced gametes
exacerbated these results. The 5 allele, 9 locus situation produces similar effects but
less pronounced (Fig. 3.7, mis-assigned parents, and 3.8, non-excluded parents). The
results also show a difference in slopes between the 3 and the 5 allele scenarios for nonexcluded parents per offspring (Fig. 3.6 and 3.8). In the first scenario the variable
steadily increase with the parent number, while in the second the increment it is less
pronounced. This result is a consequence of the less discriminatory power of a reduced
allele number per loci.
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Fig. 3.5. Relationship between parent number and mis-assigned male parent/offspring
mean number (± S.E.M) over 4 replications, for 21 loci genotyped with 3 allele. (Eq.
Frq = even allele frequency distribution: 1/2, 1/3, 1/3; Un. Frq. = skewed allele
frequency distribution: 0.45, 0.45, 0.10; D. Red. = random chromatid segregation type;
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Fig. 3.6. Relationship between parent number and non-excluded male parents/offspring
mean number (± S.E.M.) over 4 replications, for 21 loci genotyped with 3 allele. (Eq.
Frq = even allele frequency distribution: 1/3, 1/3, 1/3; Un. Frq. = skewed allele
frequency distribution: 0.45, 0.45, 0.10; D. Red. = random chromatid segregation type;
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mean number (± S.E.M.) over 4 replications, for 9 loci genotyped with 5 allele. (Eq.
Frq = even allele frequency distribution: 0.2, 0.2, 0.2, 0.2, 0.2; Un. Frq. = skewed allele
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segregation type; Chrom = chromosome segregation type).
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mean number (± S.E.M) over 4 replications for 9 loci genotyped with 5 allele. (Eq. Frq
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Conclusions
The present study demonstrated the feasibility of applying parental analysis
techniques to polyploids using codominant markers. Also, it shows that in spite of the
drawbacks, the likelihood based categorical parental allocation has, it is powerful
enough to allocate without error all the parental set in a breeding population, provided
there are enough loci genotyped bearing more than three alleles (Fig. 3.3). Although
the presence of double reduction produces male parent mis-assignment, this does not
strongly bias the results. It is important to note that the selection of highly polymorphic
loci, i.e., large allelic families, is a prerequisite with polyploids to obtain high
discriminatory power, especially in the case of large breeding populations.
We also demonstrated that it is possible to use a genotype simulation program
to project results for specific conditions. We are now applying this model to SSR
marker data for calibration.
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Introduction
High selection pressure in clonal crops, like tetraploid potato and hexaploid
sweetpotato, is necessary to reduce progeny populations to a manageable number in
the first generation of field testing. Economics further dictate that no more than one
plant per clone can be evaluated visually in the first generation. Brown et al. (1987a,
1987b), however, have shown this to be an inefficient method since much of the
selection in the early stages is based on a subjective basis, and it is greatly affected by
personal biases. These results can be extended to sweetpotato, given the near identical
selection methodology and genetic complexity of the two crops and empirical results
from the Louisiana Agricultural Experiment Station sweetpotato breeding program and
other programs (Jones et al. 1986).
Visual selection is not without value. It can be efficiently used to identify the
value of different crosses with high accuracy, suggesting that visual appraisal can be
limited to discriminate between crosses at an early stage in the breeding process based
on a random sample of progeny (Tai 1975, Brown et al. 1987b). Also, combining
ability studies can be used to improve breeding efficiency.
A fundamental step to implement the above methodology is the design of a fast
and accurate system for paternity determination for insect-pollinated sweetpotato. In
chapter 3, an algorithm was developed using the most likely parent method (Meagher
1986, Meagher and Thompson 1986) to allocate paternity among offspring obtained
from known female progenitors. This algorithm relied on the hypothesis that a DNA
marker system can be suitably developed to resolve the complex segregation of a
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hexaploid and with sufficient informativeness to unequivocally identify closely related
individuals. Simulation studies using the algorithm proved that paternity analysis of a
hexaploid genome is feasible given that 3 alleles are present in at least 20 loci or 5
alleles at 7 loci or more.
The use of molecular genetic markers enables the detection of DNA sequence
polymorphisms useful in the determination of genetic variation among individuals.
RAPD markers usually do not discriminate between alleles, i.e., heterozygotic or
homozygotic at a given locus. On the other hand, the microsatellite (Litt and Luty
1989) system is codominant, i.e., it does discriminate between alleles at a given locus,
and this system is based on di-, tri-, tetra-, and penta-nucleotide tandem repeats
amenable for PCR amplification using specific flanking primers. Microsatellites or
simple sequence repeats (SSRs) (Jacob et al. 1991) might be useful to cope with a
complex polyploid genome, given their ubiquitous occurrences in both animal and plant
genomes and their highly polymorphic nature (Morchen et al. 1996, Kresovich et al.
1995). Parentage studies in ant colonies showed microsatellites permit the exclusion
and inclusion of potential parents in a vastly larger proportion than isozymes (Evans,
1993). Morin et al. (1994) showed the suitability of SSRs for establishing pedigree
relationships in a community of wild chimpanzees. Even though there are no reports of
microsatellite uses for parentage analysis in plants, Plaschke et al. (1995) demonstrated
the informativeness of SSR markers to survey genetic diversity in hexaploid wheat. In
contrast with the low level of variability disclosed by RAPDS or RFLPs within this
species, Plaschke et al. (1995) concluded that a relatively small number of SSRs are
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necessary for genetic diversity estimation and cultivar identification of genetically
recalcitrant wheat.
The objectives of the present work include the following: 1) to assess the
usefulness of microsatellites for essentially unambiguous paternity allocation in
hexaploid sweetpotato, and 2) to design a practical microsatellite system for paternity
analysis in a sweetpotato breeding program.
Materials and Methods
Microsatellites
Fourteen sweetpotato microsatellites were provided by Robert Jarret (Regional
Plant Introduction Station, USDA, Griffin, Georgia). The isolation technique is
described elsewhere (Jarret and Bowen 1994). The nucleotide sequences of the
scorable primers are listed in Table 4.1.
Plant material
Two populations were used. The first consisted of 8 progenies derived from
controlled crosses among 7 parents (Nacional, Huarmeyano, ST87.006, LM87-0045,
DPL886, SR68.075, and Jewel) from a genetically diverse population obtained from
the International Potato Center (CIP), Lima, Peru (CIP population). The number of
offspring evaluated ranged from 2 to 18. The second population consisted of 14
progenies derived from controlled crosses among 11 clones (Resisto, 86-33, NC-C75,
90-223, 91-153, Excel, Beauregard, W-151, 82-531, 81-10, and 80-62) from a
genetically uniform population from Louisiana Agricultural Experiment Station
(LAES), North Carolina Agricultural Experiment Station, and USDA Vegetable
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Table 4.1. Sweetpotato microsatellite loci, allele frequencies, and heterozygosity in CIP and LAES populations for the 4 primer pairs
that produce scorable bands.
Primer pairs

Locus
designati
on

Repeat

Expected
size [bp]a

Size
classes
[bPY

5’.................................................3’

CIP population

Hb

IB3-16F1

CAAACGCACAACGCTGTC
CGCGTCCCGCTTATTTAAC

(GA)3G(GA)8

150

146
142
138
133

0.95

IB3-18F1

AGAACGCATGGGCATTGA
CCC ACCGTGT AAGGAAATC A

(GA)9G(GA)5

124

120
114
111
117
122
125

0.91

IB2-42

GCGGAACGGACGAGAAAA
(GA)3GT(GA)u
ATGGCAGAGTGAAAATGGAACA

138

IB2-29

TTCTTCACCCAAACCAGACAG
TCTTCCACTCCCCATCACTAAC

155

(CT)9

a Band size in base pairs
(
b Measure of degree of polymorphism, expected heterozygosity H = 1-

p*
i=i

Allele
freq.
0.25
0.1429
0.1429
0.4643
0.5357
0.1786
0.2143
0.0714

LAES
population
Hb
0.96

0.68

Allele
freq.
0.4038
0,0385
0.2692
0.2885
0.75
0.1538
0.000
0.0385
0.0385
0.0192
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Laboratory breeding lines (LAES population). Two crosses and respective progeny,
Beauregard x Excel and 40 offspring, and Jewel x LM87.045 and 18 offspring, were
used in preliminary tests to determine SSR segregation patterns.
DNA extraction
The procedure for DNA extraction was similar to the method described in
chapter 2, except that =0.25 g of freeze-dried leaf tissue was ground using the method
described by Colosi and Schaal (1993). Briefly, the sample was placed in a 30 ml plastic
centrifuge tube with 10 4-mm-diameter ball bearings, liquid nitrogen was added, and
the tube was placed on a vortex mixer at maximum speed for 60 seconds. Once the
sample was reduced to a fine powder, the ball-bearings were extracted from the tube
with a magnet and isolation buffer was added.
PCR profiling
The PCR reactions were performed in 25 pi volumes containing 2.5 pi of 10 X
reaction buffer (Promega Coop., Wisconsin), 100 pM of each dNTP, 2 mM of MgCl2,
1.3 U of Taq polymerase in storage buffer A (Promega Coop., Wisconsin), 30 ng of
template DNA, 0.8 pM of each forward and reverse primer, and 4 pi of 1 mM cresol
red in 50% sucrose. The reaction mixture was arranged following the technique
described by Horton et al. (1994).
The general temperature conditions were as follows: 2 min denaturation at
95°C; 5 cycles of 1 min at 94°C; I min at 67°C for primers EB2-29, EB2-42, 1 min at
65°C for primer EB3-16F1, and 1 min at 63°C for TB3-18F1; and 1 min at 72°C; 10
cycles of 1 min at 94°C; 1 min at 66°C for primers IB2-29, IB2-42, 1 min at 64°C for
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primer IB3-16F1, and 1 min at 62°C for primer IB3-18F1; and 1 min at 72°C; and 25
cycles in which the denaturation conditions were 1 min at 90°C and the annealing and
extension temperatures remained unchanged from the previous 10 cycles. After the last
cycle there was an elongation step at 72°C for 7 min. These conditions were
programmed in a Perkin Elmer Cetus DNA thermal cycler 480. The amplified DNA
fragments (7 and 7.5 pi samples) were resolved by electrophoresis in 12% polyester
backed (Gel Bond PAG, FMC Bioproducts, Rockland, ME) non-denaturing
polyacrylamide gels (Bassam and Bentley 1995)(.75 mm thick, 18 cm long) with lx
TBE buffer (89 mM Tris-borate and 2 mM EDTA-pH 8.0). The gels were run at
constant voltage (180 V) for 12 - 14 hrs. Three lanes with <f)X174 Hinf I markers
(Promega Coop., Wisconsin) were included per gel. The gels were stained with silver
nitrate following the Bassam et al. (1991) technique with the modification proposed by
He et al. (1994). The gels were digitized with a flat bed scanner (Scan Jet Plus Hewlett
Packard), and the band sizes were determined using the PRO-RFLP Molecular Weight
software (DNA ProScan, Inc., Nashville, TN).
Data analysis
The parent and progeny genotypic profiles for each population, CIP and LAES,
were analyzed with the computer program described in chapter 3. Allele frequencies
\
and expected heterozygosity H = 1- ^ p\_4 for each population were calculated. H,
>=! /
as a measure of degree of polymorphism, is the probability that a random individual is
heterozygous for any 4 alleles at a locus with allele frequencies p, , the population
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frequency for the rth allele. A higher H value represents a higher expected frequency of
heterozygous individuals (Ott 1992).
Results and Discussion
Scored microsatellites
Only four out of the fourteen primer pairs tested yielded a clearly discernible,
heritable banding pattern. All other primer pairs produced smeared banding patterns
which were unscorable. As in wheat, the only other polyploid with reported
microsatellite genotyping (Roder et al. 1995), this phenomenon can be attributed to the
complexities of the hexaploid sweetpotato genome, i.e., it contains three related
genomes.
The four sequences amplified include one perfect dinucleotide (CT) repeat and
three imperfect dinucleotide repeats (GA) (Table 4.1) (Weber, 1990). Only two out of
the four SSRs (IB3-16F1 and IB3-18F1) were used for paternity allocation since the
sequence IB2-42 was not consistent across multiple replications, and the segregation
pattern of the sequence IB2-29 could not be precisely determined with the two test
crosses used.
PCR amplifications
Only 4 of the 14 (29%) primer pairs tested were useful under standard
amplification conditions. This is lower but comparable to the 36% obtained for
hexaploid wheat (Roder et al. 1995). These frequencies are still low compared to 100%
success rates reported in diploid species (Kresovich et al. 1995, Morchen et al. 1996).
In wheat, a sample of 70 microsatellites sequences were used while only 14
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sweetpotato SSRs were analyzed in this study; i.e, increasing the sample size of
sweetpotato microsatellites may result in a higher proportion of primers yielding
scorable amplified fragments. However, the frequency achieved with diploid species
can not be reached. As Roder et al. (1995) suggested for wheat, the inherent
complexities of the allohexaploid genome and the large fraction of repetitive DNA it
contains caused these low frequencies. Isolation of microsatellites from single-copy or
low-copy-number sequence libraries could improve the efficiency for large scale
development of SSR markers in sweetpotato and other polyploids.
Inheritance and SSRs polymorphism in sweetpotato
Forty offspring from a cross of Beauregard x Excel and 18 offspring from a
cross o f Jewel x LM87.045 were genotyped with the four primer pairs in order to
verify the microsatellite segregation pattern in hexaploid sweetpotato. The results were
as follows:
1) Microsatellite IB2-42 was not repeatable across 3 repetitions for some
genotypes. It was discarded.
2) Microsatellite IB2-29 showed multiple fragments of the expected size, but
monomorphic for both crosses. The inheritance pattern could not be determined.
3) Microsatellite EB3-16F1 shows a tetrasomic inheritance pattern with 4
alleles. In the cross Beauregard x Excel, 3 bands were present (Beauregard bands at
146 bp and 138 bp; Excel bands at 146 bp, 138 bp and 133 bp), showing a segregation
pattern not significantly different from the expected tetrasomic ratios (Table 4.2). In the
cross Jewel x LM87.045, 4 alleles were present (Jewel bands at 146 bp and 133 bp;
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Table 4.2. Chi-square goodness of fit tests for tetrasomic segregation ratios for sweetpotato microsatellite loci IB3-16F1 and IB318F1.
CIP population
Locus
IB3-16F1

Parental genotypes
A3D x b c d 2'
/i = 18

IB3-18F1

A3C x A2BC2
/;= 18

Locus
IB3-16F1

Parental genotypes
A2/C2 x A2C D 1
n = 36

Observed & expected segregation
ACD - ABD - ABC - ABCD - AD
0 3= 5 - 4 - 1 4 - 2
E3= 6 - 6 - 1.5 - 1 . 5 - 3
A - AC - AB - ABC
0 3= 2 - 6 - 4
- 7
E3= 1.58-7.91 - 3,16- 6.33
LAES population

Observed & expected segregation
A - DC - AC - AD - ACD
0 3= 2 - 2 - 14 - 5 - 13
E3= 1 - 1- - 17 - 2 - 15
IB3-18F1 A3C x A2/C22
A - AC
0 3= 4
- 35
n = 39
E3= 3.25 - 35.75
1A = 148 bp, B = 142 bp, C = 138 bp, D = 133 bp.
2 A= 123 bp, B = 119 bp, C = 117 bp.
3 O = observed, E = expected phenotypic classes

x2

5.50

d.f.
4

P>
0,20

0.87

3

0.95

7.30

d.f
4

P>
0.10

0,19

1

0.50

x2

ON
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LM87.045 bands at 142 bp, 138 bp and 133 bp) with a segregation pattern, again, not
significantly different from the expected tetraploid ratios (Fig. 4.1, Table 4.2).
4)

Microsatellite IB3-18F1 also shows a tetraploid segregation ratio with 2

alleles present in the cross Beauregard x Excel (bands at 120 bp and 114 bp) and 3
alleles present in the cross Jewel x LM87.045 (120 bp, 119 bp, and 111 bp) (Table
4.2).
In spite of the high degree of microsatellite polymorphism reported in several
plant species, including hexaploid wheat (Akkaya et al. 1992, Lagercrantz et al. 1993,
Rongwen et al. 1995, Morchen et al. 1996, Roder et al. 1995), few alleles per locus
were found in sweetpotato. For instance, across all 7 CIP and 11 LAES parents, the
microsatellite IB3-16F1 showed the same four alleles, albeit with some differences
between the 2 populations in allele frequencies; heterozygosity values were
nevertheless very close (CIP H - 0.95, LAES H= 0.96) (Table 4.1). Weber (1990)
showed that for human SSRs the informativeness of the markers increased considerably
when motif number exceeded 10, especially in the range 11-17 repeats. This fact
suggests the degree of polymorphisms depends on the repeat copy number. Akkaya et
al. (1992) found a group of soybean SSRs with motif numbers lower than 10 showing a
very low degree of polymorphisms. In the case of the present study, sweetpotato
microsatellite IB3-16F1 motif copy number is 11, which would indicate a degree of
polymorphisms higher than the observed one. Also, microsatellites IB2-29 (9 repeats)
(Fig. 4.2) and IB3-18F1 (14 repeats) (CIP H = 0.91, LAES H = 0.68) showed a
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Fig. 4.1. Microsatellite IB3-16F1 genotypes for the cross “ Jewel x LM87.045” and 18 offspring. Lane J, “ Jewel”; lane L,
“LM87.045”; lanes 1-13, offspring; lane X possible discarded contamination; lane M, molecular marker (j)X174 Hinf I.
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relatively low level of polymorphisms, particularly in the narrow genetic base LAES
population (Table 4.1).
Kresovich et al. (1995) observed a surprising lack of polymorphisms in
Brassica napus microsatellites, 5 out of 7 were monomorphic. In Beta vulgaris,
Morchen et al. (1996) found a relatively long imperfect repeat (CT)n to be
monomorphic. Morchen et al. (1996) suggested the possible location of the repeated
stretch between sequences subjected to selection, such as coding regions, as an
explanation of the lack of polymorphisms. However, the same authors stated that plant
dinucleotide SSRs have not been found yet within coding regions. The differences
observed in the degree of polymorphisms between the broad genetic base CIP
population and the LAES population, especially for microsatellites LB3-18F1, supports
the hypothesis of Morchen et al. (1996). Still, more sweetpotato SSRs should be
characterized to clarify the possible confounding effects of sequence length, location,
and other factor(s) on the degree of polymorphism.
It is important to stress the polysomic segregation showed by IB3-18F1 and
EB3-16F1 microsatellites. This indicates SSRs are able to amplify the same locus
located in different but related genomes in a polyploid like sweetpotato. In spite of the
complexities of a polysomic segregation, it is possible to identify the segregation ratios
opening new alternatives for genome mapping and analysis. However, this has not been
the case in wheat in which each microsatellite amplified one locus corresponding to one
genome (Roeder et al. 1995), showing the influence of genome homology on the
informativeness of polyploid microsatellites. The tetraploid segregation ratios (Table
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4.2) found in hexaploid sweetpotato, may be explained by the hypothesis suggested by
Magoon et al. (1970). These authors proposed the sweetpotato genome consisted of
two genomes of very close ancestors and a third genome not so closely related to the
others constituting the sweetpotato genome. They also reported the existence of bi,
tetra, penta, and hexavalent chromosome configurations during sweetpotato meiosis.
More microsatellites and the putative sweetpotato ancestors should be analyzed to
draw firm conclusions about this phenomenon.
Paternity analysis
Two microsatellites (IB3-18F1 and EB3-16FI) were used to determine the
paternity in two breeding populations. The first population consisted of 14 offspring
arising from 8 parents belonging to the LAES population. The second population
consisted of 5 parents and 8 offspring from the CIP population. The genotypes for each
female parent, offspring, and putative male progenitor were analyzed using the
computer program described in chapter 3 to determine the most likely male parent. The
original program was modified to account for a tetrasomic genetic model with
chromosome segregation.
In the LAES population, only 3 offspring out of 14 could be assigned to a given
male parent without ambiguities (1 out of 3 by simple exclusion) (Table 4.3). The more
narrow genetic base likely caused the low level of polymorphism in the LAES
population, thus lower discriminatory power. In the CIP population, all progeny,
except one, were allocated without ambiguities (2 out of 7 by simple exclusion) (Table
4.4). In this more genetically diverse population the informativeness of the two
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Table 4.3 LOD score matrix for paternity allocation in the LAES population for loci IB3-16F1 and IB3-18F1.
PARENTS
OFFSPRINGS1
1
2
3
4
5
6
7
8
9
10
11
12
13

Resisto

86-33

NC-C75

90-223

0.000000*
0.000000
0.000000
1.721809°
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

-1.436441°
-1.436441°
0.8661434°
0.0000000
-1.436441
-1.436441
-1.554224
-0.312511
4.2755375°
0.0000000
0.8661434
0.0000000
-0.520150

0.355317
0.355317
0.000000
1.721809d
0.355317°
0.355317
0.930681
0.000000
0.000000
0.000000
0.000000
0,000000
0.172996

0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000
0.000000

91-153

Excel

Beauregard

80-62

1.453930 b
1.453930b
3.063367b
0.000000
1.453930 b
1.453930b
1.336147 b
1.884712
0.000000
0.000000
3.063367°
0.000000
1.964755b

-0.337829
-0.337829
1.2716085
0.0000000
-0.337829
-0.337829
-0.050147°
2.2901781°
0.0000000
0.0000000
1.2716085
2.6579028°
0.1729962

-0.337829
-0.337829
1.2716085
1.0286623
-0.337829
-0.337829°
0.2375347
2.9833252 b
0.0000000
2.6579028°
1.2716085
3.3510500b
0.1729962

-1.436441
-1.436441
0.8661434
0.0000000
-1.436441
-1.436441
-1.554224
-0.312511
0.0000000
0.0000000
0.8661434
0.0000000
-0.520150
C

1.230786d
0.000000
-1.659585
14
1the higher LOD score determines parental allocation
* excluded male parent (LOD=0.0)
b mis-assigned male parent (underlined)
c true male parents (boxed)
d ambiguous parental allocation

0.000000

1.230786°

0.1321742

0.5376393

-1.659585

00

to
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Table 4.4 LOD score matrix for paternity allocation in the CIP population for loci IB3-16F1 and IB3-18F1.
Huarmeyano
Nacional
PARENTS
OFFSPRING 1
0.000000000000 * 0.000000000000
I
0.000000000000
0.000000000000
2
0.000000000000
0.000000000000
3
0.000000000000
0.000000000000
4
1.842631754898°
-0,354592822438
5
0.369326016789
2.161085486017
6
0.000000000000
0.908322517521
7
1.679431239551b 1.456287688237
8
1the higher LOD score determines parental allocation
a excluded male parent (LODsO.O)
b mis-assigned male parent (underlined)
c true male parents (boxed)

ST87.006
-0.595754879255
0.224144006944
0.000000000000
0,000000000000
0.000000000000
0.000000000000
-1.576584132267
0,069993327117

LM87.045

Jewel

1.483686662425 °
2.526729099938
30.024131703372
30.024131703372
-1.453205111106
0.000000000000
0.000000000000
0.000000000000

0.000000000000
0.000000000000
0.000000000000
0,000000000000
1.149484574338
1.062473197349
1.719252733738°
1.574070723893

00

u>
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microsatellites is enough to determine the paternity by exclusion or by most likely
parent allocation. As was shown by computer simulation in chapter 3, the most likely
parent method showed greater discriminatory power compared with simple exclusion
for paternity determination in polyploid populations, despite the bias pointed out by
Chakraborty et al. (1988) and Devlin et al. (1992) for the most likely parent method.
Paternity analysis performed with each individual microsatellite demonstrated
the informativeness of each locus. The microsatellite EB3-18F1 alone allowed for
paternity determination of only 2 progeny out of 8 in the CIP population, supporting
the informativeness reflected by the expected heterozygosity (#=0.91). The locus IB316F1, with a heterozygosity (#=0.95) closer to the maximum (#=0.98), determined the
paternity of 5 offspring out o f 8. On the other hand, in the LAES population, despite
#=0.96 for IB3-16F1, the paternity could only be allocated for 2 offspring. Locus 1B318F1 (#=0.68) provided low information. The reason for the difference in resolution
power of locus IB3-16F1 between the populations is that the allele frequencies were
more evenly distributed in the CIP population; a phenomenon that is not reflected in the
chapter 3 computer simulation but was theorized by Thompson and Meagher (1987).
Conclusion
Two important findings emerge from these experiments. First, polymorphic
microsatellites exist in hexaploid sweetpotato and segregate in a polysomic inheritance
pattern. This shows the usefulness of these DNA markers in higher polyploid genetics.
The relatively low informativeness of the particular markers used in the present
dissertation compared with other reports stresses the necessity of screening
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sweetpotato sequence libraries for longer repeat sequences. Weber (1990) showed for
human microsatellites that the informativeness of dinucleotide repeats reached its
highest value with 24 or more repeats. This additional effort could produce markers
advantageous over other systems for polyploid genome mapping, paternity
determination, taxonomic studies, and other uses. The rapidity of the PCR reaction and
the codominant nature of SSRs make them an excellent complement to RAPDs for
genome analysis and mapping in sweetpotato.
Secondly, paternity can be allocated in an experimental population. The most
likely parent approach showed its potential to assign paternity even with a low number
of polymorphic markers with few alleles. The development of a set of informative and
precisely scorable markers will provide a valuable tool for using paternity in
sweetpotato. This study also demonstrated that SSR marker analysis can be done at a
reasonable cost within most breeding programs’ budget and technical capabilities. In
contrast, the expenses of robotic methods now used (Kresovich et al. 1995) prevent
most sweetpotato breeding programs from employing this technology.
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SUMMARY AND PROSPECTUS
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The application of genetic markers for paternity allocation was investigated in
the hexaploid sweetpotato. Prior empirical and theoretical evidence suggests
sweetpotato breeding efficiency is compromised in the first clonal generation by high
selection pressure and visually based selection. Parental clone selection based on
progeny testing and combining ability studies could improve sweetpotato breeding
efficiency. Paternity determination of insect-pollinated progeny in open-pollinated
nurseries is a prerequisite for these genetic studies. A computer simulation study was
performed to select the most informative paternity allocation technique and to
determine the number of loci and alleles required for genotyping. PCR-based
microsatellites (SSRs) were used for genomic profiling of genetically broad and narrow
populations. Marker data from parents and corresponding progeny were used to
calibrate the computer system developed using simulations.
In chapter 2, data indicates that RAPD temperature conditions and enzyme
characteristics cannot be generalized across species or circumstances. Results indicate
that neither special ramps nor different DNA polymerase enzyme types from
recombinant Taq are required to detect increased number of polymorphisms for
different templates and primers for hexaploid sweetpotato using a Perkin Elmer Cetus
DNA thermal cycler 480. Also, the basic RAPD technology has enough resolution
power and reliability to be used for mapping a complex heterozygous polyploid like
sweetpotato.
The simulation study presented in chapter 3 demonstrates the feasibility of
applying parental analysis techniques to polyploids using codominant markers. Data
was also presented showing the likelihood-based categorical parental allocation is
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informative enough to allocate without error the total parental set in a hexaploid
breeding population, provided there are enough loci genotyped bearing more than three
alleles. Although the presence of double reduction produces male parent misassignment, this does not strongly bias the results. It is important to note that the
selection of highly polymorphic loci, i.e., large allelic families, is a prerequisite with
polyploids to obtain high discriminatory power, especially in the case of large breeding
populations.
Polymorphic microsatellites in the hexaploid sweetpotato are able to disclose
the polysomic inheritance patterns, showing the first usefulness of these DNA markers
in higher polyploid genetics (chapter 4). The relatively low informativeness of the
particular markers used in the present dissertation compared with other reports,
stresses the necessity of screening sweetpotato sequence libraries for longer repeat
sequences. Data was presented demonstrating the validity of the paternity analysis
results in an experimental population using best fit model simulations. The most likely
parent approach showed its ability to assign paternity even with a low number of
markers with few polymorphisms; the theoretical bias noted by Smouse and Meagher
(1994), did not show significant influence on the results. The most likely parent method
proved to be reliable and more powerful than simple exclusion for parental analysis in
breeding populations. The development of a set of informative and precisely scorable
markers will provide a valuable tool to increase the efficiency of traditional sweetpotato
breeding programs
The present experiments lay the foundations for future work that: 1)
incorporates the highly informative and codominant SSR genetic markers in
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sweetpotato breeding and genetic research. In particular, SSRs can be used with the
highly-accessible RAPDs for mapping the sweetpotato hexaploid genome, 2)
investigates the sweetpotato genomic constitution by resolving the genomic
homologies with putative ancestors, 3) analyzes the nature of hypervariable sequences
in the sweetpotato genome, and 4) integrates basic combining ability studies with
current sweetpotato breeding practices.
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Preliminary experiments
Unless otherwise stated, all material and methods related to DNA extraction
and quantification, and RAPDs assays are based on procedures outlined by Villordon
(1995).
I. DNA Extraction and Quantification
DNA was extracted with a CTAB-based procedure (Jarret and Austin 1994).
Additionally, DNAzol (Guanidine Isothiocyanate, GIBCO BRL, Gaithersburg, MD), 5
mL per 100 mg dry leaf tissue, was used for small sample sizes, i.e., 20 mg of dry leaf
tissue. Manufacturer protocol was modified by adding a chloroform-isoamyl alcohol
extraction step and a high salt-TE (10 mM Tris pH=8.0, I mM EDTA pH=8.0, and 1
M NaCl) resuspension and precipitation step. The DNAzol method yielded a higher
amount of DNA with lower polysaccharide contamination than the CTAB-based
technique.
Purity o f DNA extracts was estimated by the ratio

O D 26o/O D28o in a

spectrophotometer UV-VIS (Perkin-Elmer, Norwalk, CT). The values were in the
range 1.85-1.98. Pure preparations of DNA have O D 26o/OD28o value of 1.8 (Sambrook
et al. 1989). The sample DNA quantity was estimated by ethidium bromide
fluorescence in 0.8% agarose by comparing the fluorescent yield against a set of
standards prepared with X-DNA. The visual quantification was confirmed with
spectrophotometer readings at 260 nm wavelength; an O D 26o of 1 corresponds to
approximately 50 (ig/ml of double-stranded DNA (Sanbrook et al. 1989). The sample
DNA concentrations estimated by both means were in close agreement.
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n. RAPD PCR Conditions
The reaction conditions were optimized for reproducibility and scorability in
1.5% agarose gels stained with ethidium bromide.
Annealing and denaturation temperatures. The annealing temperatures tested
ranged from 37°C to 45°C. Temperature at 37°C proved to be the best in terms of
number of intense fluorescent fragments. A 1 minute 95°C denaturation cycle was
introduced in the cycling protocol because reproducibility was improved.
Template DNA concentration. Template concentration ranging from 10 ng to
100 ng were tested. The range of 20-50 ng gave the best results in terms of number and
reproducibility of intense bands obtained.
III. Microsatellite PCR Conditions
The PCR reactions were optimized for 25(il reaction conditions in 0.5 mL
plastic PCR tubes with a “hot start” (Horton et al. 1994). One problem encountered
with “hot start” technique was a low pH in the loading dye (50% sucrose, 1 mM cresol
red) after autoclaving. The low pH affected proper DNA polymerization. This problem
disappear when the loading dye was ultra-filtered and stored at -20°C.
Temperature conditions. The temperature conditions were first adapted based
on the RAPD-PCR conditions using a “touchdown” PCR (Don et al. 1991). The first
annealing temperature range tested was 70-60°C for each primer (primers were
designed with an average Tm of 65°C). When no amplification occurred, the range
used with those specific primers was 68-58°C and 66-56°C. After selecting primers
yielding clearly discernible banding patterns, the annealing temperature was optimized
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for each particular primer to reduce the number of spurious bands (background). Once
the annealing temperature was optimized, clear differences in amplification were
observed between different thermocycler (Perkin-Elmer Cetus DNA thermal cycler
480) block locations. To obtain intense and reproducible bands only the upper half of
the block was used.
Taq polymerase, MgCh, dNTP, and template concentrations. These
concentrations were kept unchanged from the RAPD conditions. They produced clear
and intense amplifications since throughout the study.
Primer concentration. Primer concentrations ranging from 0.5 pM to 1 pM
were tested. The best results were obtained from 0.8 pM onwards. Below this
concentration the amplified bands were fainter and not consistent across several runs.
IV. Polyacrylamide Gel Electrophoresis
Several acrylamide concentrations (8-16%) were tested to obtained the best
resolution in the polyester backed polyacrylamide gels (Bassam and Bentley 1995). The
optimum acrylamide concentration depended on the acrylamide brand used, for
instance with acrylamide/bis 37.5:1 solution (AMRESCO, Solon, OH) the best
resolving concentration was in the range 14-16%, while with some other brand (Tyron)
the concentration could be lowered to 12%.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Mario I. Buteler was bora on 10 March 1955 in the city of Cordoba, Cordoba,
Argentina. He attended Facultad de Ciencias Agropecuarias, Universidad Nacional de
Cordoba (Argentina), where he received a degree in Agronomic Engineering in April
1980. Upon completion of this degree, he was employed by Facultad de Ciencias
Agropecuarias, Universidad Nacional de Cordoba, to teach courses in horticulture.
From 1988 to 1990 he completed the Post-Graduate Course on Plant Production,
subject: Plant Breeding at Facultad de Ciencias Agrarias, Universidad Nacional de Mar
del Plata (Argentina). He came to Louisiana State University in August 1992 where he
obtained a master’s degree in Applied Statistics in July 1995, and completed his
doctoral studies in horticulture in July 1996.

107

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

DOCTORAL EXAMINATION AND DISSERTATION REPORT

C a n d id a te :

M a rio Ig n a c io B u te le r

M a jo r F i e l d :

H o r t ic u lt u r e

T itle

o f D is s e r ta tio n :

M ic r o s a t e llit e Based P a te r n ity A n a ly s is in
H e x a p lo id S w e e tp o ta to ( Ipomoea b a ta ta s ( L . )

A pp roved:

/X fi 10f\efc

M a j o r P r o f e s s o r a n d C h a ir m a n

EXAMINING COMMITTEE:

!

D a te o f E x a m in a tio n :

Ju ly 19, 1996

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Lam .)

